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Abstract 
 

Mycorrhizal fungi are critical to tree seedling establishment under nutrient-
limiting conditions. In cases where there is a mismatch between the guild of mycorrhizal 
fungal inoculum and the host plant, forest plantations can fail.  Plantation failure has 
historically plagued large areas post-harvest in the productive rainforests of northern 
Vancouver Island. Using metagenomic characterization, we characterized soil inoculum 
potential from redcedar-dominated ecosystems and from hemlock-fir dominated 
ecosystems. Then as a complementary approach, we used seedling bioassay trials both 
under greenhouse and field conditions to examine the effect of the different soil 
inoculums (which had been characterized by the metagenomic techniques) on seedling 
growth and survivorship. Preliminary analyses of the metagenomic results indicate that 
mycorrhizal fungal community differences do exist between these ecosystems. In the 
greenhouse seedling bioassay trial, there was a trend of improved seedling survivorship 
and growth rate in both redcedar and hemlock when colonized with their appropriate 
class of mycorrhizae. High mortality and stunted growth occurred among seedlings that 
were grown in soil samples that lacked appropriate mycorrhizal inoculum. 
 
 
Introduction  

 
The purpose of our research project is to study mycorrhizal ecology as a crucial 

factor underlying the success or failure of forest regeneration following forest harvesting 
in nutrient-limited ecosystems, thereby filling an important knowledge gap with 
significant management implications.  
 

This project contributes to the forestry regeneration project known as the Salal 
Cedar Hemlock Integrated Research Project (SCHIRP), which is addressing a well-
known problem with growth of conifers planted in clear-cuts on northern Vancouver 
Island, British Columbia, Canada. The two particular ecosystems of interest, which were 
first described and characterized by Lewis (1982), are the Cedar-Hemlock (CH) 
ecosystem (which is redcedar-dominated) and the Hemlock-Amabilis fir (HA) ecosystem 
(which is hemlock-dominated). Seedlings of Sitka spruce (Picea sitchenisis), western 
hemlock (Tsuga heterophylla) and amabilis fir (Abies amabilis) planted on CH cutovers 
are in poor condition within approximately 5-8 years after clear-cutting, indicated by 
chlorosis, reduced growth rates, and severe foliar nitrogen and phosphorus deficiencies.  
This nutrient deficiency coincides with the dominance of salal (Gualtheria shallon) on 
CH sites.  When planted on adjacent HA cutovers, these same tree species do not show 
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these growth problems (Prescott, 1996; Mallik & Prescott, 2001; Blevins & Prescott, 
2002). Redcedar regenerates without problem on CH sites; however, there is high 
mortality of redcedar seedlings in HA sites (Weber et al., 2003). Classification of the CH 
and HA forests using the Biogeoclimatic Ecosystem Classification revealed that these 
ecosystems do not differ based on abiotic variables alone (McWilliams & Klinka, 2005). 
 

Mycorrhizal associations between symbiotic fungi and tree roots are crucial for 
seedling nutrient uptake, survival and growth, and tree productivity in nutrient-limited 
environments (van der Heijden et al., 1998; Jonsson et al., 2001; Read & Perez-Moreno, 
2003). Two dissimilar mycorrhizal associations are arbuscular mycorrhizae (AM), which 
colonize western redcedar, and ectomycorrhizae (EM), which associate with western 
hemlock. AM and EM fungal species are biologically distinct, with AM fungi forming 
intra-cellular arbuscules and EM fungi forming an extra-cellular Hartig net, both serving 
as sites for nutrient-carbon exchange with the host tree (Harley & Smith, 1983).  
Redcedar and hemlock have strict fidelity to its specific class (AM vs EM) of fungi 
(Molina & Trappe, 1982), but potentially with considerable fungal species variability 
within each class.   
 

In this project, we hypothesize that the class of mycorrhizal inoculum present in 
the soil is governed by the dominant host tree species, such that CH sites dominated by 
redcedar contain predominantly AM inoculum, whereas HA sites dominated by hemlock 
contain predominantly EM inoculum. Preliminary surveys suggest a strong correlation 
between dominance by AM or EM classes of fungi and the ability for redcedar and 
hemlock seedlings to become established following harvest. On redcedar-origin sites, for 
example, low EM inoculum potential would limit establishment of hemlock, matching 
field observations.  Further study is required to confirm this hypothesis.  
 
Our questions are: 
1. Are there differences in AM and EM fungal communities or inoculum potential 
between CH and HA sites? 
2. How does mycorrhizal inoculum of different ecosystems influence seedling 
establishment, survival, foliar nutrients and growth? 
3. Can modifying mycorrhizal inoculum at the time of planting improve seedling 
establishment? 
 
 
Methods 
 

There were two parts to this project. The first part involved the metagenomic 
characterization of mycorrhizal fungal communities within adjacent CH and HA 
ecosystems and determining inoculum potential important for redcedar and hemlock. The 
second part of this project involved seedling bioassays, whereby redcedar and hemlock 
seedlings were planted at each CH and HA clearcut sites with (a) soil transferred from 
EM-dominated, and (b) soil transferred from AM-dominated forests nearby. This study 
was repeated in the greenhouse under a common garden environment.  For each study, 
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mycorrhizal colonization, composition and diversity were evaluated using microscopic 
and molecular techniques, and these parameters were related to seedling performance.  

The field research took place on North Vancouver Island in the Coastal Western 
Hemlock very wet maritime (CWHvwm) biogeoclimatic subzone, throughout forest areas 
around Port Hardy and Port McNeill. Three replicate sites were selected for this study, 
which had similar features to those that were previously studied and characterized by 
B.A. Blackwell and Associates Ltd. for the purpose of developing the Biogeoclimatic 
Ecosystem Classification (BEC) (McWilliams et al., 2007). Two adjacent forests types 
that were studied were the redcedar-dominated CH and hemlock-dominated HA forests, 
both of which have site features and soil characteristics matching a 01 Site Series, as 
classified using BEC.  
 
Collection of soil samples for metagenomic characterization and greenhouse bioassay 
experiment 
 

At each site, two 20 m by 20 m plots were established; one in the CH ecosystem 
and one in the HA ecosystem. A random sampling design was used to select 12 sample 
locations for collecting soil cores. Each sample was used for metagenomic 
characterization of mycorrhizal communities and as an inoculum source for a greenhouse 
bioassay.  Aliquots of 200 ml of each sample were stored at -20°C for the metagenomic 
profiling. The remaining soil, which was used as an inoculum source for the greenhouse 
bioassay, was stored at 4°C for three weeks prior to planting seedlings. 

 
Metagenomic characterization of mycorrhizal soil communities 
 

Total fungal DNA was extracted from 7 g of soil from each sample. The 
ribosomal internal transcriber spacer regions ITS1 and ITS2, the 5.8S ribosomal unit and 
the 5’ end of the large ribosomal subunit was PCR amplified using primers TW13 and 
fungal-specific ITS1F. Ligation mixtures for clone libraries of the PCR products were 
prepared for each sample and were then submitted to Canada's Michael Smith Genome 
Sciences Centre for automated clone picking and subsequent bidirectional sequencing. 
For each clone library, 96 clones will be randomly selected and sequenced.  

 
DNA sequences were binned into operational taxonomic units based on 99% sequence 
similarity. DNA sequence homology matches to DNA barcodes, published in both 
GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) and UNITE 
(http://unite.ut.ee/analysis.php), are currently being carried out to determine species 
identity of the operational taxonomic units.  

 
Since databases in GenBank and UNITE both lack DNA barcodes of numerous 

EM fungi associated with western hemlock, we augmented these databases with more 
DNA barcodes of fungal species previously identified as fungal associates of western 
hemlock. DNA was extracted and sequenced from select herbarium specimens the Pacific 
Forestry Centre. Sequences of these barcodes are available online in GenBank (Accession 
numbers: JF899544 - JF899578). 
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DNA sequence information of each species identified in the random clone 
libraries will be made publicly available via submission to GenBank upon submission of 
final manuscripts for publication.  
 
Greenhouse seedling bioassay experiment 

 
In a greenhouse at the University of British Columbia, a seedling bioassay 

(Brundrett & Abbott, 1994; Diagne et al., 2001) experiment was used to correlate the 
variance in mycorrhizal inoculum with seedling performance. Each sample was divided 
into 4 homogenized aliquots of 150 ml. Two aliquots from each sample received a 
gammacell irradiation treatment of 50 kGv at the Canadian Irradiation Centre (Laval, 
Quebec) to remove mycorrhizal inoculum (Kahiluoto et al., 2000; McNamara et al., 
2003); these were used as a negative control. For each sample, a seedling of hemlock, 
germinated under axenic conditions, was planted into soil of one regular aliquot and one 
radiated aliquot. This was repeated for redcedar seedlings for the remaining regular and 
radiated aliquots (2 ecosystems X 12 samples X 2 species X 2 soil treatments X 3 
replicate sites = 288 seedlings). 
 

Mycorrhizal colonization of seedlings and its effect on seedling survivorship and 
growth was evaluated after one year. Seedlings were harvested and their roots were 
examined for fungal colonization. Hemlock seedling roots were examined 
microscopically and EM fungal species present were identified by morphotyping, 
following procedures outlined in Agerer (1996). AM fungal colonization of redcedar 
seedling roots were examined microscopically using trypan blue staining (Koske & 
Gemma, 1989). Root and shoot biomass, and shoot height was measured at the end of the 
experiment. 
 
Field bioassay experiment 
 

A two-year field bioassay experiment was performed to study mycorrhizal 
colonization of redcedar and hemlock in clear-cuts previously occupied by either 
redcedar- or hemlock-dominated forests, and to study how transfer of soil containing 
mycorrhizal inoculum(Brundrett & Abbott, 1994; Fischer et al., 1994; Bois et al., 2005; 
Haskins & Gehring, 2005) from each forest type influenced seedling establishment and 
survivorship. The experiment was conducted under field conditions in the clear-cut sites 
on northern Vancouver Island. The field experiment allowed for testing the importance of 
mycorrhizal associations under natural conditions.  
 

Three replicate clear-cuts of CH and HA sites were used for the field bioassay 
study. Within each clear-cut site, 12 circular plots, with a 4 m radius, were established. 
Plots were numbered and then randomly assigned a soil inoculum treatment. Soil 
inoculum treatments comprised of 150ml of (1) soil transferred from old-growth HA 
plots, (2) soil transferred from around hemlock trees in old-growth CH plots, and (3) soil 
transferred from around redcedar trees in CH plots. As a control, seedlings were planted 
without a soil transfer. This amounts to 3 plots for each of the 4 treatments (3 soil transfer 
treatments + 1 control treatment).  
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Six-month-old greenhouse grown seedlings of redcedar and hemlock were planted 

in the plots.  Prior to planting, roots of 20 seedlings of both redcedar and hemlock were 
examined microscopically for mycorrhizal colonization of roots; roots were found to be 
devoid of mycorrhizal colonization. Five seedlings of each conifer species were planted 
at least 2 m apart from each other in a random pattern (5 seedlings X 3 planting locations 
X 2 ecosystems X 2 species X 4 soil transfer treatments X 3 replicate sites = 720 
seedlings).  

 
Survival and growth of seedlings were measured in spring (April) and late fall 

(October) during the first and second growing season after planting the field experiment. 
High overwinter mortality of redcedar seedlings occurred in the first year, and thus a 
contingency plan was implemented to replant in April 2009. After one growing season, a 
partial harvest was conducted between late October and mid November 2009. Two 
seedlings of hemlock and two seedlings of redcedar were random excavated per plot (2 
seedling X 3 plots X 2 ecosystems X 2 species X 4 soil transfer treatments X 3 replicate 
sites = 288 seedlings) and their roots were examined for fungal colonization. At the end 
of two growing seasons in the field, the remaining bioassay seedlings were harvested 
between late October and mid November 2010. As with the first harvest, the roots of the 
selected seedlings were examined for fungal colonization.  
 
Data Analyses 
 

Sampling effort will be tested using Coleman collector curves generated by 
EstimateS software version 7.5.0 (Colwell, University of Connecticut, USA). Relative 
abundance and species dominance between ecosystems and treatments will be examined 
using rank abundance curves and their slopes will be compared using ANCOVA (Zar, 
1999), Shannon’s and Simpson’s diversity indexes. Abundance measures based on 
Shannon’s index will also be calculated (McCune et al., 2002). Richness will be 
estimated using Chao1 and Jack1 using EstimateS and 100 randomizations for each test. 
Multivariate analyses will be used to compare fungal communities between forest types. 
These analyses will also be used to study correlations between mycorrhizal colonization 
of seedlings and the survivorship and growth performance of seedlings. Non-metric 
Multidimensional Scaling will be used as an ordination technique to detect differences in 
community composition between forest types and between soil transfer treatments, and 
Multi-Response Permutations Procedures will be used to test for significant differences. 
Canonical Correspondence Analyses will be used to test for correlations between 
mycorrhizal colonization and seedling growth, survivorship, shoot and root biomass, and 
root colonization from the bioassay experiments. (McCune & Mefford, 1999; McCune et 
al., 2002). 

 
In addition, the effects of soil transfer treatments on survival of redcedar and 

hemlock seedlings in the two forest types will be examined using logistic regression. 
Maximum likelihood analysis will be used to detect differences in mycorrhizal 
colonization and diversity among experimental factors and to compare seedling growth, 
physiology and EM status. 
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Results 
 
 At this time, only preliminary results of the project are available. As discussed in 
the project plan of 2010/2011, to accommodate the budget cut-backs in both the 
2009/2010 and 2010/2011 fiscal years, completion of data analyses and manuscript 
preparation and publications for this project will be an extension activity that will extend 
to 2012. 
 
Preliminary results for the metagenomic characterization 
 
 Among the 72 random clone libraries, over 1600 operational taxonomic units 
were identified. Based on sequence homology matches, DNA sequences belong primarily 
to EM fungi and to saprophytic soil fungi. AM fungi did not amplify well using the 
primers ITS1F and TW13. As a contingency plan, Denaturing Gradient Gel 
Electrophoresis (DGGE) profiles of the DNA extracts that were used in the metagenomic 
profiling of soil samples, will be constructed using the AM specific primer AML2 in 
combination with NS31. To identify the presence of redcedar specific AM fungi within 
the DGGE profiles, a molecular marker composed of DNA sequences of mycorrhizal 
fungi extracted, sequenced and identified from redcedar roots colonized with AM fungi 
will be incorporated. Data generated from the DGGE profiles will be analyzed along side 
the metagenomic profiles to provide a better understanding of both EM and AM 
community structure.  
 
Preliminary results for the greenhouse bioassay experiment 
 
 Statistical analyses of the data collected from the seedling bioassay are currently 
underway. The following discussion is based on trends observed. Seedlings of both 
hemlock and redcedar grew larger in soil with inoculum, as compared to the irradiated 
negative controls. High mortality and stunted growth occurred among seedlings that were 
grown in soil samples that lacked appropriate mycorrhizal inoculum. EM colonization of 
hemlock seedlings occurred in soils collected from both HA and CH forests. Hemlock 
seedlings were colonized primarily with the EM fungus Cenococcum geophilum. 
Redcedar seedlings grown in soil inoculum collected from HA ecosystems were 
completely devoid of AM colonization; whereas 44% of seedlings grown in soil 
inoculum collected from CH ecosystems had AM colonization. Both hemlock and 
redcedar seedlings grown in inoculum collected from either CH or HA ecosystems had 
high root colonization with endophytes; indicating a potentially important role of 
endophytes in nutrient uptake.  
 
Preliminary results for the field bioassay experiment 
 
 No preliminary results are available at this time, as microscopic examination of 
the roots to quantify mycorrhizal colonization is still under way. 
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Discussion 
 

To date, forestry practices have ignored the importance of mycorrhizal fungi in 
designing cutting practices (e.g., whether to retain some old trees or clearcut) or 
regeneration practices (e.g., whether to replant a site the same species as that which was 
harvested).  Conservation of appropriate mycorrhizal fungal communities during forestry 
practices can maintain site productivity after harvesting, but loss of key fungal groups 
that are specific to regenerating tree species can lead to plantation failure.  Moreover, the 
ecosystem classification system has not included mycorrhizal fungal ecology as factors 
with significant impact on reforestation efforts. Understanding the role of inoculum 
potential of EM- versus AM-dominated ecosystems and its effect on seedling 
establishment and productivity will be useful for improving harvesting and regeneration 
methods, and for developing ecosystem based interpretations of site productivity for the 
Biogeoclimatic Ecosystem Classification recently developed for the coastal region of 
Vancouver Island. 

 
Until the data is analysed, it is not possible to discuss the results in more detail at 

this time without over-speculation.  As mentioned earlier, the data analysis will be 
completed in the summer and fall of 2011 and this will be reported in a manuscript-based 
thesis in 2012.  We will submit the thesis and submitted journal articles after the thesis 
has been accepted at the UBC library 
 
 
Conclusion and Management Implications  
 

Although sites from two the two ecosystems under study are similar in abiotic 
conditions, they differ in mycorrhizal host class and inoculum potential.  This discovery 
is very important to our understanding of why redcedar has had difficulty regenerating on 
sites previously occupied by old-growth hemlock, and vise versa.   

 
The final results of our research will provide insight into mycorrhizal ecology and 

the role of soil inoculum potential for the establishment, growth, and productivity of 
redcedar and hemlock during forest regeneration in coastal ecosystems of BC. Results of 
our research will be used to better manage these forests and for refining the ecological 
classification system of the coastal regions, by incorporating mycorrhizal ecology for 
improved forest management interpretations. Interpretations will include 
recommendations for choice of tree species to regenerate (informing stocking standards) 
as well as choice of fungal inoculants to add at the time of planting. Improved forest 
regeneration and productivity on northern Vancouver Island would greatly enhance the 
sustainability of the forestry industry in BC, with rapid positive feedbacks to the 
economy of the region. Faster and more successful reforestation of clear-cut areas would 
also enhance the environment of the region and can help protect the cultural value of 
these very important coastal ecosystems to the public and First Nations. 
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