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Abstract 
 
This overall objective of this project is to investigate the role of ectomycorrhizae (ECM) and common 
mycorrhizal networks (CMN) in facilitating Douglas-fir regeneration in the interior of British Columbia.  
It is comprised of three studies being conducted by four graduate students supervised primarily by 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: (4) to determine the importance 
of CMN pathways to carbon transfer between Douglas-fir and paper birch, and (5) 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 (6) 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 (7) 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 Simard, Durall, Jones, 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.   Greater detail on the methodology for Study 
1 is provided in the Results section below. 

 
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 ECM 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. 

 
Greater detail on the methodology for Study 3 is provided in the Results section below. 

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

• Established treatments and planted seedlings and seeds for objectives 1 and 2, Study 1 (Teste). 
• Completed survival and growth measurements (June, Sept.) for objectives 1 and 2, Study 1 

(Teste). 
• Analyzed 2004 data collected for Study 1 (Teste). 
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• Completed draft of PhD dissertation for Study 2 (Philip). 
• Completed three journal article drafts for Study 2 (Philip) 
• Submitted and in the process of revising journal article manuscripts for Study 2 (Philip). 
• Completed all vegetation and stand sampling for Study 3 (Tweig).  
• Completed all soil core collection for objective 1, Study 3 (Tweig). 
• Completed all morphotyping of root tips for objective 1, Study 3 (Tweig). 
• Completed descriptions of dominant ectomycorrhizal fungi (DNA sequences pending prior to 

submission), the drafts of which are available on request (Tweig). 
• Completed molecular RFLP analysis of root tips for objective 1, Study 3 (Tweig). 
• DNA sequences are ongoing and will be submitted when complete to GenBank (Tweig). 
• Analyzed data collected for objective 1, Study 3 (Tweig). 
• Completed enzyme assays in root windows for objective 2, Study 3 (Brooks). 
• Enzyme data analyzed for objective 2, Study 3 (Brooks). 
• Completed draft of extension note (Teste, Simard et al.). 
• Presented results at ESA (Seattle, August 2004) and CBA (Saskatoon, July 2004) meetings 

(Philip, Simard, and Jones). 
• Completed FSP annual report (Simard et al.). 

 
 
Our 2004 Workplan also indicated that we would participate in the extension workshop on forest soil 
organisms headed by Dr. Sue Grayston, but Dr. Grayston was unable to arrange for this workshop.  
 
The citation for the Extension Note deliverable is: 

 
Teste, F.P., Simard, S.W., Philip, L., Twieg, B., Durall, D.M., Jones, M.D. (2005). Common 
mycorrhizal networks: their existence, ecological role, and implications for forest management.  
Extension Note (Draft). 

 
An additional deliverable that was not included on our list of activities is a recently published review 
article by Simard and Durall on common mycorrhizal networks.  In this paper, we review the need for the 
current research we are conducting in this FSP project. The citation for this paper is: 
 

Simard, S.W., and Durall D.M. 2004. Mycorrhizal networks: a review of their extent, function 
and importance. Canadian Journal of Botany, 82: 1140-1165.   

 
All datasets are housed on servers at the University of British Columbia and Okanagan University 
College (now UBC-O).  Both universities have established protocol for data backup.  Also, each team 
member has retained a copy of the data on their own computers, ensuring data is stored in three locations.  
 
 
Detailed Methods, Results and Discussion Points: 
 
STUDY 1 
 
Detailed Methods 
 
Objective 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.  Conducting this type of experiment on more than one site 
is not feasible because measuring net C transfer is quite elaborate and time consuming.  Nevertheless, a 
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large site can still capture substantial stand variability.  Since ectomycorrhizal (EM) fungi are ubiquitous 
in conifer forests, most sites in the IDF will permit the study of common mycorrhizal networks (CMNs).  
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 Douglas-fir) 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 planted 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 Douglas-fir) 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 carbon, nutrients, and water will be able to move through multiple pathways (Fig 1), four 
levels of mesh bag treatments were established: 
 

EM 
fungi 

X Y 

1 

2b 2b 
2a 

3 

 
Fig. 1.  Possible pathways for C, nutrient, and water transfer between Douglas-fir.  (1) is the soil-only 
pathway, (2a) is the direct CMN pathway, (2b) is the indirect CMN pathway, and (3) is the unlinked 
pathway. 
 

• 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 resembles 
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 (Fig 1).   
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• 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 (Fig 1).   

• 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 (Fig 1).   

• 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 Douglas-fir, we dug a 3m diameter circular trench 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 are being 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 × 2 factorial set of treatments replicated 10 times was laid out as a complete randomized design 
(160 experimental units).  The treatments consist of four nylon mesh bags (0.5µm, 35µm, 250µm, and no 
mesh), two establishment procedures (planted seedlings and sowed seed), and two labeling schemes (14C-
advanced regeneration Douglas-fir with 13C-Douglas-fir seedling; 13C-advanced regeneration Douglas-fir 
with 14C-Douglas-fir seedling).  In June 2006, donor and receiver Douglas-fir will be pulse-labeled with 
13C and 14C (between 8:00 and 12:00 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, mass 
spectrometry, and liquid scintillation, respectively.   
Measurements
Survival and growth of donor and receiver plants were assessed in 2004.  Vegetation surveys were 
conducted and plant species and abundance lists were compiled.  In addition we will measure 
photosynthesis, transpiration, stomatal conductance, instantaneous water-use-efficiency (WUE), and 
chlorophyll fluorescence at three different occasions during the 2005 growing season.  EM status and first 
and second year wood 13C natural abundance will be determined in 2005 on a subset of seedlings.   
 
Objective 2: The Distance Experiment 
Six large variable retention cuts with at least 10 large adult Douglas-fir trees left standing were selected in 
the IDF.  All healthy looking adult Douglas fir (diameter at breast height between 10 and 15 cm) on site 
were identified and numbered with flagging tape.  Four adult Douglas-fir trees were randomly selected 
from each variable retention cut.  In June 2003, 96 nursery-grown Douglas-fir seedlings (receiver 
Douglas-fir) were planted at various distances away from the selected large adult Douglas-fir trees with or 
without mesh barriers (i.e., mesh bag treatment).  Each experimental unit consisted of a group of trees 
(one large adult Douglas-fir and one Douglas-fir seedling).   
Experimental design 
A 4 × 4 factorial set of treatments replicated 6 times was laid out as a randomized complete block design 
(96 experimental units).  The two treatments are size of nylon mesh (Plastok® Associates Ltd.) barriers 
(0.5µm, 35µm, 250µm, and no mesh) and planting distance from the adult donor tree (0.5m, 1m, 2.5m, 
and 5m).  In June 2003, nursery grown seedlings were planted along the distance gradient from the adult 
Douglas-fir.  Seedlings were consistently planted in rows in a southerly direction.  Since adult Douglas-fir 
trees may have large and extensive root systems, handsaws and clippers were used to cut large roots to 
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safely install the mesh bags without tearing.  A quarter of 10m diameter circular trench with a depth of 
0.7m was constructed around the adult Douglas-fir to prevent CMN formation with surrounding EM 
plants. EM plants found in or near the experimental plots will be eliminated following the approach 
outlined in the Advance Regeneration Experiment.   
Measurements 
Survival and growth of donor and receiver plants were assessed in 2004.  Same measurements as in the 
Advanced Regeneration Experiment will be done in 2005, but in addition we will measure soil nutrient 
status (C, N, P) and water content at various distances away from the adult Douglas-fir trees.  We will 
also attempt to quantify hydraulic redistribution, measure soil water potential at various depths and 
seedling xylem water potentials in 2005.  In August of 2005 we will destructively sample the seedlings 
and measure biomass, foliar nutrient content, 13C natural abundance, and deuterium abundance of fresh 
needles and root tips (perhaps including EM fungi).  In the fall 2005, root tips will be examined and EM 
morphotyped following the procedures outlined in Goodman (1996).   
The trenching work 
From mid July to late August trenches were dug around the seedling groups (donor and receiver plant 
pair) using a mini-excavator (CanDig, Inc., Kamloops, B.C., Canada) to a depth of approximately 40 cm 
(Advanced Regeneration Experiment) and 70 cm (Distance Experiment).  These trenches will serve to i) 
encourage root and mycelium growth towards the centre of the seedling group, ii) reduce root and CMN 
interactions with surrounding vegetation, and iii) contain the radioactive 14C isotopes (used during the 
labeling period in 2006).  The trenching work was not completed for the advanced regeneration 
experiment on time in 2004 therefore François Teste will complete this work in April 2005 before the 
start of the 2nd growing season. 
 
Objective 3: 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.  Final height and stem 
diameter were measured in late August.   
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 8:00 and 12:00 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, 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 moisture content.   
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Results and Discussion 
Survival and growth 
In year 1, we did not find any significant treatment effects on height or stem-diameter increment for the 
advanced regeneration experiment (fig. 2) and distance experiment (fig. 3).  The physiology data for year 
1 was not collected due to lack of time.  However this data will be collected in year 2 and 3 and as a 
compromise we decided to quantify WUE for year 1 by measuring the natural abundance of 13C in the 
deposited cellulose in the wood of planted seedlings.  The EM status (i.e., mycorrhization) data was not 
collected because of low germination and high seedling mortality.  Again, as a compromise we decided to 
collect this data in early 2005 and assess survival after a full year (i.e., including fall and winter) and re-
sow another set of seeds in April.   
A 
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Figure 2.  Mean height (A) and diameter (B) increment of outplanted Douglas-fir seedlings after one 
growing season in the advanced regeneration experiment.  Error bars represent one standard error of the 
mean.   
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Figure 3.  Mean height (A) and diameter (B) increment of outplanted Douglas-fir seedlings after one 
growing season in the distance experiment.  Error bars represent one standard error of the mean.   
 
 
Pilot greenhouse bioassays 
In December 2004, the percent colonization quantification and the morphotyping for the pilot greenhouse 
bioassays (the ectomycorrhizal controls experiment) were completed.  In January 2005, the data analysis 
for this experiment was completed with the help of Tony Kozak (UBC) and Wendy Bergerud (BC Min. 
For.).  We are presently completing the molecular analysis of the unique morphotypes found and writing a 
manuscript to be submitted to New Phytologist (a peered reviewed scientific journal) for publication in 
the summer of 2005.  This pilot study will also serve as François Teste’s first chapter in his Ph.D. thesis.   
 

 10



Simard (Y051065) 

 
STUDY 2  
 
The titles of the PhD Dissertation, draft journal articles, and conference abstracts produced from Study 2 
are listed below. 
 
PhD Dissertation:  
 
Philip, L.J. (2005). The role of ectomycorrhizal fungi in interspecific carbon transfer.  PhD Dissertation, 

University of British Columbia, Vancouver, B.C.  Draft. 
 
Journal manuscripts:  
 
Philip, L.J., Simard, S.W., Jones, M.D. (2005). Minimum pulses of stable and radioactive carbon isotopes 

to detect belowground carbon transfer.  The New Phytologist.   
 
Philip, L.J., Simard, S.W., Jones, M.D. (2005). Carbon transferred through mycorrhizal networks and soil 

varies with phenology in the field.  Ecology. 
 
Philip, L.J., Simard, S.W., Jones, M.D. (2005). The ectomycorrhizal hyphal pathway plays a significant 

role in belowground carbon transfer between paper birch (Betula papyrifera) and Douglas fir 
(Pseudotsuga menziesii) seedlings in laboratory root chambers.  The New Phytologist. 

   
Conference abstracts: 
 
Philip, L.J., Simard, S.W., and Jones, M.D. 2004. Belowground carbon transfer between mycorrhizal 

seedlings varies with host plant phenology. Ecological Society of America 2004 Annual Meeting in 
Portland, Oregon, August 4, 2004.   

 
Philip, L.J., Simard, S.W., and Jones, M.D. 2004. Net carbon transfer between ectomycorrhizal Betula 

papyrifera and Pseudotsuga menziesii via continuous hyphal linkages. Canadian Botanical 
Association 2004 Annual Meeting in Winnipeg, Manitoba, June 28, 2004. 

 
 
STUDY 3  
 
Objective 5: Chronosequence Study 
 
Detailed Methods 
 
ECM Community: We removed eight soil cores from each of four replicates of each stand age/initiation 
type combination listed in Table 1 during late-May and early-June, 2004 (see Brendan Tweig’s Master’s 
Thesis Proposal for details).  Cores were approximately 9 by 9 cm square, and were collected by first 
taking the forest floor layer and bagging it separately, then removing the subsequent 20 cm of mineral soil 
from below it.  A machete and trowel were used to remove soil cores because the soil was too rocky for 
efficient use of standard soil corers.  Cores were stored on ice in a cooler for transport and then stored at 
5° C at OUC.  This sampling process was repeated in late-September to early-October, 2004, with the 
exception that soil cores were not removed from 5 year-old burned sites.  Rather, one Douglas-fir seedling 
was removed from outside each of three sides of the 30 by 30 m plot at each site, within 10m from the 
plot edges.  This was because soil cores taken in spring from these sites did not have enough root tips 
available to provide comparable samples to other sites.  A radius of 25 cm of soil was removed from 
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around each seedling, to 20-30 cm in depth, to keep the root systems intact until examination.  We took 
three seedlings in the same manner from the 5 year-old clearcut sites so that the communities could be 
compared between these two stand initiation types.     

Douglas-fir and paper birch roots were removed by washing soil cores through 4 mm and 2 mm 
sieves in succession and picking out all woody and fine roots.  We placed root segments in a glass baking 
dish in deionized water, cut them into roughly 1.5 cm lengths, and selected segments randomly for 
observation at low (8-10X) power under a dissection microscope.  The two host tree species’ roots were 
separated based on their size and color, and when in doubt, we cross sectioned ECM root tips, made wet 
mounts for observation under the compound microscope, and separated out paper birch roots based upon 
their fine roots’ radially elongated epidermal cells.  We processed mineral and forest floor layers 
separately from each sample and selected segments until 50 ECM root tips of each host tree had been 
counted in each layer.  Percent ECM colonization was calculated from the first 50 root tips of each host 
species encountered in each sample layer (i.e. 200 total root tips per core).  Those 50 ECM root tips from 
each tree species were then place in Petri dishes above a 5 mm grid, further separated into <1 cm-sized 
fragments, and randomly subsampled.  We examined subsampled tips thoroughly under a dissection 
microscope and at 400x and 1000x under a compound microscope, using the pertinent characteristics 
according to Agerer (1984) and Goodman et al. (1996) to separate ECM root tips into distinct types 
within a soil core.  This was done until 25 ECM tips of each species had been examined from each soil 
layer, if available.   

Our first priority was to examine 50 ECM tips from each host tree from each core in total, and the 
second was that these were divided equally between soil layers.  If either objective was not met, we took 
what was available for a total of 100 ECM root tips per soil core.  We examined roughly 500 total root 
tips from each site per sampling period from soil cores.  The resulting approximate 1000 root tips 
examined per site from soil cores were generally a sum from a total of ten sampling locations per site.  
Generally, six of those cores yielded 50 ECM root tips for each host and four additional soil cores (two 
for each tree species) each yielded 100 ECM root tips of one of the two hosts.  However, distributions of 
each host species’ root tips were very patchy, and therefore totals examined and the total number of cores 
yielding ECM tips for each host varied slightly by site. Our recording of each subsample size and its 
identification as we took them will facilitate sample sizes being evened out for future analyses.  Extra soil 
core samples were examined from a replicate of each site type to determine how well we detected ECM 
species present with the normal sampling size of approximately 1000 root-tips per site. 

200 ECM root tips were examined and characterized from each seedling taken from three 
replicates each of both 5 year-old site types; the remaining replicate had only 100 root tips each examined 
per seedling.  Likewise, 200 paper birch roots were characterized from birch roots found in the soil taken 
with the Douglas-fir seedlings if available.  However, as with soil cores taken in May to June at 5 year-
old burned sites, few seedling samples had paper birch roots available.  We will therefore only compare 
species compositions of paper birch ECM between those sites and others without statistical analysis.  
 
Molecular Analyses:  A total of about 700 samples were selected for DNA sequencing that were 
comprised of one subsample per each of the unique morphotypes for each core.  Extra subsamples were 
taken as voucher collections and if considerable variation was examined within a morphotype in a soil 
sample.  We have used RFLP’s to check whether or not morphological identifications have been 
consistent within some samples.  We are sequencing DNA for species identification from up to ten 
subsamples from different sites or cores for each morphotype, before deciding that morphological 
identifications made are sufficient for that particular taxon.  Those taxa that are difficult to distinguish 
based on morphological characters, such as subsets of species in the genera Lactarius, Russula, and 
Hebeloma, will have all unique subsamples from each soil core sequenced.  We did not attempt to 
separate species in the Cenococcum geophilum complex with molecular methods because it takes analysis 
of multiple loci to separate cryptic species.  However, morphological identification is accurate to the 
species complex level with this taxon (Sakakibara et al. 1997).   
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From ECM subsamples, we placed 1 to 5 root tips into microcentrifuge tubes in a few drops of 
sterilized distilled water.  Root tips were frozen in liquid nitrogen and either immediately lyophilized or 
stored at -80° C.  Lyophilized tips were pulverized with a ceramic bead in a Bio-101 Fast-prep beater in 
extraction buffer.  This was followed by chloroform/isoamyl alcohol DNA purification.  Genomic DNA 
was then subjected to PCR amplification of the fungal ITS region either with primers NSI1 and NLC2 
(for DNA sequencing) or ITS1 and NLB4 (for RFLP’s).  For sequencing, nested primers ITS1 and NLB4 
were used for the chain termination PCR reaction, and chain termination PCR products were sent to 
NAPS at UBC for automated sequencing. RFLP’s were done with enzymes AluI, HinfI, and MboI and 
visualized on agarose/NuSieve gels by electrophoresis and staining in ethidium bromide.  Gels were 
photographed on a Kodak GelLogic 440, and band lengths were analysed using Kodak 1D software. 
 
Soils: We collected soil samples from all chronosequence sites in August, 2004.  Approximately 1 kg of 
mineral soil and 300 g of forest floor were removed from each of eight sampling locations in each plot.  
Sampling locations were adjacent to four locations each from spring and fall soil core sampling locations 
for ECM identification.  Five year-old sites of wildfire origin were an exception; sampling for nutrient 
analysis samples were taken next to eight Douglas-fir seedlings that were within 3 m of a paper birch tree, 
but no forest floor samples were taken due to the near absence of forest floor layers at these sites.  
Mineral portions and forest floor portions were bulked separately for each site, separated into three 
subsamples each, sealed in polyethylene bags, and transported in coolers back to the lab.  We sieved 
mineral soil samples to 2 mm, and then samples were air-dried and sent to the BC Ministry of Forests 
Analytical Chemistry Laboratory in Victoria, BC.  Forest floor samples were milled at the MOF lab.  
Total C and N were determined by elemental analyzer.  Ammonium and nitrate were extracted with 2N 
KCl and their concentrations measured colorimetrically.  This was performed on samples before and after 
a one-week anaerobic laboratory incubation.  Available P was determined using the Bray-1 method. 
 
Results and Discussion 
 
Molecular Analyses: Thus far, DNA has been extracted from all 700 samples that will potentially be 
sequenced.  Just over 300 of these have been amplified with primers NSI1 and NLC2 for sequencing, and 
150 of these have been sequenced.  We expect all sequencing to be completed by June 2005.  Of those 
sequences compared with published sequences so far (i.e. blasted), all have given 98% or greater matches 
with published sequences of the ITS region of sporocarps or ectomycorrhizal root tips.  Species matched 
thus far by sequencing include Piloderma fallax, Russula aeruginea, Lactarius rubrilacteus, Lactarius 
pubescens, Hebeloma crustuliniforme, and Leccinum scabrum.  We will submit any sequences from our 
samples to GenBank that do not match previously published sequences by 98% or greater.   
 We have obtained 74 RFLP patterns from root tips.   These have confirmed considerable 
morphotype variation of certain species within soil cores.  For instance, we ran RFLP’s on six Hebeloma-
like ECM subsamples from one soil core that exhibited a variety of emanating cell types under the 
compound microscope.  These subsamples all gave the same RFLP patterns, and also showed that the 
same Hebeloma-like species was indeed colonizing both Douglas-fir and paper birch roots in the same 
soil sample.  We have used RFLP’s to confirm within-core subsample identities of Suillus-like spp., a 
Hysterangium sp. and a couple of Russula spp.  However, the variation in RFLP fragment lengths of 
samples of the same morphotype from the same core can vary by 30 bp or more, making it difficult to use 
RFLP data to match species for such a large number of samples.  That is, samples that are completely 
different may be matched by RFLP-matching software as the same species because the errors in fragment 
sizes overlap.  Conversely, some different species may have true banding patterns that differ by only a 
small length difference in one fragment.  Therefore, we feel it is reasonable to use RFLP’s for comparison 
of ECM subsamples’ identities from the same soil sample, where we can be reasonably certain that 
separate subsamples are the same species even though they may exhibit extreme morphological variation.  
To match subsample identities among different sites and different soil samples, however, requires the 
more trustworthy method of aligning sequences.   
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ECM Communities: We found a trend of increasing ECM morphotype species richness and evenness 
with increasing stand age, but we will not quantify these measurements until DNA sequences have been 
used to give accurate identifications of all fungi.  ECM colonization rates were above 90% at all sites, and 
no differences between stand types will likely be found.   
 Some morphotypes were commonly found among all stand ages and initiation types.  The most 
abundant of these were tuberculate Rhizopogon ECM species on Douglas-fir in the R. vinicolor complex.  
There are also monopodial forms of this species complex that are easily confused morphologically with 
Suillus spp., so at this point we are lumping them together until molecular data are analysed.  ECM root 
tips of these species were highly abundant, ranging from an average of 23% of the Douglas-fir tips 
examined in 60 year-old stands to 82% in 5 year-old burned stands (Table 1).  Rhizopogon/Suillus 
abundance is similar between both initiation types of 5 year-old stands and between both initiation types 
of 25 (27) year-old stands.  These ECM species show a trend of decreasing in relative abundance with age 
to the 60 year-old stands.  Cenococcum geophilum was common on both hosts in all stand types and 
accounted for 7.5% of all root tips.  It was probably the most frequently encountered morphotype, having 
been identified in about 45% of all soil samples examined.  A Leccinum scabrum-like morphotype was 
common on birch in all stand types, and Lactarius spp. also occupied a significant proportion of the birch 
ECM community in all age classes. 
 Other ECM fungi were more abundant in older stands, such as morphotypes identifiable to the 
genus Russula.  In older stands, these morphotypes were often found on both hosts’ roots within the same 
soil samples.  No Russula morphotypes were identified in 5 year-old burned stands, and only one was 
found in one 5 year-old clearcut stand on one seedling sample.  It was highly abundant on that seedling, 
however, accounting for 66% of it’s total community.  Russula spp. were generally dominant in the soil 
samples in which they were found.  100 year-old sites had the highest mean relative abundance of Russula 
spp. (21%), which was significantly higher than all stand types except for 60 year-old stands according to 
Bonferonni multiple comparisons (Table 1; one-way ANOVA of stand age/type effects, p=.0061).  60 
year-old sites had higher abundance of Russula spp. on average than younger sites, but one 60 year-old 
site showed none in our samples.  This is the only statistical test reported thus far because relative 
abundance data of other species were shown not to be normally distributed by normality tests and normal 
probability plots (SAS v. 9.1 was used for these analyses).  Other data will be transformed to satisfy the 
normality assumption or non-parametric analyses will be used.  Piloderma spp. were also more abundant 
in the oldest two age classes (Table 1), absent from the 5 year-old burned stand samples, and were found 
in one sample from only one of the five year-old clearcut sites.  Piloderma spp. were present at every 
other site besides two of the 27 year-old burned sites. 
 
Table 1: Mean relative abundances of common fungal groups by stand age/initiation type (SE in 
parentheses).   Russula means with the same letter are not significantly different (p>.05). 

Stand Age and Initiation 
Type 

Rhizopogon and Suillus 
spp.  Russula spp. Piloderma spp. 

5 Year-old Clearcut 0.819 (0.055) 0.016 (0.016) a 0.002 (0.002) 
5 Year-old Burned 0.804 (0.071) N/A N/A 
25 Year-old Clearcut 0.541 (0.083) 0.033 (0.020) a 0.045 (0.015) 
27 Year-old Burned 0.615 (0.097) 0.017 (0.017) a 0.034 (0.028) 
60 Year-old Burned 0.233 (0.083) 0.072 (0.036) ab 0.100 (0.034) 
100 Year-old Burned 0.314 (0.086) 0.209 (0.061) b 0.088 (0.021) 
 
Morphotype Descriptions: At this point, we have taken several sets of digital photographs under 
dissection and compound microscopes, ten to fifteen of which are complete enough to make published 
descriptions.  We will submit descriptions for publication once we can put names to the morphotypes 
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from molecular analyses. We currently have assigned morphotype names coded by site names.  Layouts 
of multiple photographs detailing different morphological and anatomical features of some morphotypes 
have been made for our lab use during morphotyping, and will be augmented for publication. 
 
Soils: We calculated means and standard errors for mineral (Table 1) and forest floor (Table 2) samples.  
Mineralisable nitrogen measurements represent pre-incubation amounts subtracted from post-incubation 
amounts.   
 
Table 1: Means of mineral soil properties by stand age and initiation type (SE in parentheses).  
Potentially mineralisable nitrogen measurements and available P are expressed in mg/kg. 

Stand Age and 
Initiation Type % C 

C/N 
Ratio % N 

Mineralisable 
ammonium 

Mineralisable  
nitrate 

 
Mineralisable 

N Total 
Available 

P 
5 Year-old Clearcut 3.010 (0.147) 29.89 (1.48) 0.1011 (0.0028) 15.26 (1.84) 0.7298 (0.1449) 15.98 (1.89) 158.7 (19.3) 

5 Year-old Burned 2.494 (0.225) 23.21 (0.55) 0.1068 (0.0090) 18.30 (1.33) 0.6783 (0.1486) 18.98 (1.31) 142.5 (23.6) 

25 Year-old Clearcut 3.990 (0.381) 35.03 (1.13) 0.1122 (0.0079) 9.21 (3.17) 0.9709 (0.1106) 10.18 (3.15) 95.1 (16.0) 

27 Year-old Burned 2.780 (0.347) 29.56 (1.94) 0.0939 (0.0101) 14.39 (2.77) 0.9737 (0.1282) 15.36 (2.80) 207.7 (48.5) 

60 Year-old Burned 1.812 (0.093) 24.59 (0.56) 0.0742 (0.0043) 14.82 (2.65) 0.4897 (0.1140) 15.31 (2.64) 138.9 (18.0) 

100 Year-old Burned 2.076 (0.105) 25.28 (0.79) 0.0830 (0.0047) 14.05 (1.25) 0.4423 (0.1279) 14.50 (1.29) 209.1 (24.0) 

 
 
Table 2: Means of forest floor properties by stand age and initiation type (SE in parentheses).  Potentially 
mineralisable nitrogen measurements and available P are expressed in mg/kg. 

Stand Age and 
Initiation Type % C 

C/N 
Ratio % N 

Mineralisable 
ammonium 

Mineralisable 
nitrate 

 
Mineralisable  

N Total 
Available 

P 
5 Year-old Clearcut 38.54 (1.61) 46.99 (2.55) 0.8543 (0.0657) 229.9 (29.2) 1.111 (0.193) 231.0 (29.3) 100.8 (10.8) 

25 Year-old Clearcut 37.95 (1.44) 38.25 (1.17) 0.9966 (0.0351) 375.1 (21.5) 1.570 (0.344) 376.7 (21.5) 132.6 (15.6) 

27 Year-old Burned 36.19 (1.07) 34.07 (1.80) 1.1061 (0.0825) 439.5 (33.5) 1.660 (0.310) 441.1 (33.5) 149.7 (7.4) 

60 Year-old Burned 34.42 (1.16) 35.21 (1.58) 0.9982 (0.0563) 309.2 (28.5) 1.512 (0.246) 310.7 (28.4) 111.8 (8.6) 

100 Year-old Burned 38.76 (2.34) 33.66 (1.05) 1.1821 (0.1002) 411.2 (48.1) 1.363 (0.219) 412.6 (48.0) 102.0 (6.2) 

  
 
Objective 6: Enzyme Assays of Root Windows 
 
Detailed Methods 
A modification of the root-window procedure developed by Egli et al. (1991) was used to measure 
phosphatase activity in-situ (Fig 1).  Chromatography paper impregnated with substrate (α-naphthyl 
phosphate di-sodium salt) and color reagent (Fast Red TR) (Song et al. 2000) was applied to intact soil 
horizons through the use of root windows (Egli and Kalin 1991).  In this procedure, soil phosphatase 
reacted with the substrate causing a colorimetric reaction and producing an imprint where enzyme activity 
was a function of the color intensity produced (Fig 2).  Preliminary imprints were taken from both 
window locations at all sites in the chronosequence using two different protocols in order to refine the 
field protocol for use in final in-situ sampling in June 2005.   

Imprints were scanned into Photoshop and the subsequent files were analyzed by means of custom-
written Perl programs which created an Excel database for the activity of each imprint.  The collected data 
included the total number of active pixels, total intensity of activity, average intensity of activity, total 
activity events, and the area and maximum activity for each activity event.  
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 In addition to the in-situ assays, a microplate fluorimetric method was used to measure three 
enzymes (phosphatase, chitinase and β-glucosidase) from mycorrhizal root tips using 
methylumbelliferone (MU) –labeled fluorescent substrates. The root tips were taken from soil cores 
collected in September and stored in a cold room until analysis. Before measurement, root tips were 
washed clean with tap water and DD H2O and morphotyped for mycorrhizal colonization. One root tip 
was put in one well of a 96-well microplate containing MU-labeled substrate and maleic acid/tris buffer 
(pH 5.0), and reacted under room conditions for 24 hr. Five replicate root tips were used for each enzyme 
per site. The fluorescent intensity was imaged with GL440 GelDoc and analyzed with ImageJ program. 
The quantification was made by comparing the fluorescent intensity of samples with standard curves 
 
Results and Discussion 

The imprints taken in Aug. and Sept. 2004 were used to refine the field protocol and to develop the 
custom-written code for the analysis of the imprints.  These first imprints will not be included in the final 
data set because of the different protocols used and also due to the fact that some of the windows in the 
chronosequence had only recently been installed, so roots and mycorrhizal hyphae had not had sufficient 
time to recolonize the disturbed area behind the window. 

Initial analysis of the activity database data showed evidence of distinctly different activity patterns 
between the sites. The youngest sites showed less overall activity than the older sites, but that activity was 
intense (Graph 1). The oldest sites had the most overall activity, but that activity was diffuse (Graph 2). 

Fluorometric assays of phosphatase, chitinase and β-glucosidase activity showed the highest rates of 
activity in the youngest sites for all three enzymes (Graph 3).  Phosphatase appeared to be consistently 
more active in the older sites than either chitinase or β-glucosidase.  In the younger sites, activity varied 
dramatically, however β-glucosidase appeared to be more active than either phosphatase or chitinase. 

The distinct and focused areas of activity on the imprints will facilitate our investigation of the fungal 
genetic diversity associated with activity since we will be able to use the imprints in the field to take soil 
micro-samples directly from areas of activity.  The distinct patterns of activity seen across the 
chronosequence indicate that phosphatase production is related to changes in the community with time.  
Our goal will be to characterize the ectomycorrhizal community associated with phosphatase production 
across the chronosequence using PCR and T-RFLP analysis of sampled hyphae.  We will also analyze the 
community which is located in micro-sites with little or no phosphatase activity in order to characterize 
how the function as well as the structure of the ectomycorrhizal community changes as forests age. 
 
Fig 1. Example of root window  
 

 
 
Fig 2. In-situ phosphatase assay imprint 
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Graph 1.  Total activity by treatment 
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Graph 2. Activity rate (total activity/activity area) by treatment 
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Graph 3.  Fluorometric assay of root tip enzyme activity.   
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Conclusions and Management Implications 
 

This project is on track to achieve our overall objective to investigate the role of ectomycorrhizae and 
common mycorrhizal networks in facilitating Douglas-fir regeneration in the interior of British Columbia.  
All of the planned activities were completed (except participation in Dr. Grayston’s extension workshop, 
which never occurred for reasons beyond our control) and all of the deliverables were completed.  One of 
Philip’s four draft journal article manuscripts has yet to be completed, but it will be based on Chapter 5 of 
her dissertation, which is included in this annual report package.  At the same time, however, we have 
published two conference abstracts from Philip’s dissertation, which are deliverables over and above 
those included in the original workplan.  In addition, Simard and Durall (2004) just published a review on 
common mycorrhizal networks, and in it we discussed the need for the research currently being conducted 
in this FSP project.  We have included this journal article as an additional deliverable to this project. 

Together, the results of these experiments provide good evidence for the existence of CMNs in the 
ICH and IDF Douglas-fir forests of southern interior British Columbia. They suggest that CMNs enable 
the transfer of C between EM trees driven by a source-sink relationship in tree species-specific growth 
rates, photosynthetic rates and foliar nitrogen.  Our research also suggests that the EM fungi themselves 
are instrumental in determining the magnitude of carbon transfer between trees. The magnitude of C 
transfer between Douglas-fir and birch in experiments 3 and 4 suggests that the process is important at an 
ecosystem level in mixed birch and Douglas-fir forests.  Douglas-fir may directly benefit from association 
with birch through improved nutrition through supplemental C gain during conditions of low 
photosynthetic potential, such as shade, drought, or cold temperatures, and in nutrient-poor or patchy 
environments. Conversely, our results show that birch benefits from its association with Douglas-fir in 
early spring and fall, when deciduous foliage is just emerging or becoming senescent.  These studies 
contribute to our growing understanding of the role of tree species mixtures in conserving functional 
health of forest ecosystems.  It also lends support for green tree retention and maintenance of refuge 
plants in harvested areas to maintain biodiversity in the rhizosphere. 

Some implications of this work for siliviculture practices are: 
1. Harvesting patterns should be designed to conserve broadleaf trees, EM refuge plants and 

islands of older trees.  Variable retention silviculture systems appear beneficial for retention of 
mycorrhizal inoculum, rapid mycorrhizal colonization, and transfer of nutrients to seedlings 
during the regeneration period.   

2. Soil disturbance during harvesting and site preparation should be kept to a minimum.  Reducing 
detrimental impacts on forest floor and native plants should be emphasized.  This practice will 
conserve mycorrhizal fungal inoculum and hyphal mats around native vegetation.   

3. Establishment of AM plants should be discouraged by minimizing grass seeding (see results of 
Soil Transfer Study in FSP Y051065).  Grass roots form AM associations and can potentially 
suppress EM fungi that colonize conifer seedlings.   

4. Seedlings should be planted promptly after harvest and site preparation.  The soil’s EM fungal 
inoculum can drastically be reduced over time (Perry et al. 1987) if a plantation is not 
established early.   

5. Plant a variety of tree species.  Tree species diversity will promote EM fungal diversity and the 
occurrence of CMNs.   
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