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FIA-FSP project number and title 

#Y093314:  Determining stand level structures in dry Douglas-fir forests that maintain 

appropriate levels of ectomycorrhizal genetic diversity to facilitate Douglas-fir 

regeneration 

 

 

Project purpose and management implications 

We characterized the spatial extent, structure, and genetics of mycorrhizal 

networks linking overstory Douglas-fir trees with understory cohorts in mature forests in 

the IDFdk biogeoclimatic subzone of southern interior British Columbia.  Our results 

demonstrate how the spatial distribution of mycorrhizal networks likely affects natural 

regeneration patterns in the IDFdk, and will help establish green-tree retention patch and 

gap size targets that maintain stand-level productivity and ectomycorrhizal fungal (EM) 

biodiversity.  Specific management implications are listed on page 8. 
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Project date and related works 

This project was commenced 2006 April 01 and completed 2009 April 30. 

Related projects: 

L077033  The Opax Mountain LTRI- This project is adjacent to Opax Mtn.  

Y071262  Effects of partial retention and common mycorrhizal networks on seedling 

recruitment in Douglas-fir forests across British Columbia  

Y073064  Ectomycorrhizae and networks: their role in facilitating Douglas-fir 

regeneration under water, site and climatic stresses 

Y082314 provides critical information confirming links between Fdi that Y073064 is 

based on.  

 

Methodology overview 

Objective 1: Methods pertaining to our first objective, including site and soil descriptions, 

sample collection, molecular analysis and data analysis and statistical tests, have been 

described in detail (Beiler et al., 2009a).  In brief, associations between Rhizopogon spp. 

ectomycorrhizal fungi and Douglas-fir trees were described and classified as a 

mycorrhizal network (MN) from the phytological perspective (with trees as nodes or hubs 

and EM fungi as links).  Over 400 Rhizopogon spp. tuberculate ectomycorrhizas were 

sampled near and among the dripline of trees in a 30 x 30m plot of mixed-age interior 

Douglas-fir.  Needles and/or cambium tissue from each Douglas-fir tree in the plot were 

collected and stored as reference material for root genotype delineations, and each tree’s 

height, dbh and spatial location was recorded.  Root lengths and fungal genet diameters 

were measured using ArcGIS (Version 9.1).  The spatial distribution of trees and fungi 
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were mapped using stand visualization software and ArcGIS, and modeled as a network 

using Pajek (de Nooy et al. 2005).   

 

Objective 2: The methods used to address our second objective are detailed in Beiler et 

al. (2009b).  In short, the spatial continuity of individual Rhizopogon spp. genets was 

investigated by sampling a contiguous 2 x 1 m area of forest floor in 20cm3 soil 

increments, along with a 1 m buffer area sampled in a lattice design.  In each sample 

block and soil layer, any evidence of Rhizopogon spp.-like growth was quantified, 

recorded, and sampled for molecular identification.  Vegetation cover and the depth and 

substrate type where each sample was collected were also recorded.   

 

Objective 3: The structure of mycorrhizal networks between Rhizopogon spp. and 

Douglas-fir trees were compared between two soil moisture regimes as described in 

Beiler et al. (2009b).  Sample collection for this objective proceeded as described for 

objectives 1 & 2 except for a reduction in the size of focal plots.  For example, six 10 x 

10 m plots were used to address large-scale network structure, and the continuity of 

individual genets were assessed by excavating contiguous 20 cm3 soil blocks to a 380 x 

20 cm spatial extent at six sites.  Both the large and small-scaled sampling approaches 

utilized three sites in each of subxeric (upper slope position) or permesic (lower slope) 

soil moisture regimes to allow mycorrhizal network structural comparisons between the 

soil moisture regimes. Vegetation cover type and abundance were used to characterize 

the site-series and soil moisture regimes and were confirmed using a soil moisture probe. 

The sampling methods, molecular identification, mapping, and statistical analysis used to 
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address our third objective are described in detail in Beiler et al. (2009b). 

 

Objective 4:  Data collected to address our first and third objectives (stand-scale network 

structures) was used to determine the associations between the spatial and genetic 

structure of mycorrhizal network components (i.e. Douglas-fir trees and Rhizopogon spp. 

genets) and patterns of Douglas-fir regeneration in the plots as described in Beiler et al. 

(2009a) and Simard (2009). 

For all objectives, microsatellite DNA markers and fragment analysis were used 

to identify individual trees and fungi according to standard methodology described in 

Beiler et al. (2009a, 2009b).  For Douglas-fir trees, we used microsatellite primers and 

PCR protocols developed by Slavov et al. (2004).  We used the microsatellite primers 

and methodology developed by Kretzer et al. (2003) to delineate genets of R. vinicolor 

and R. vesiculosus.   

Site and network mapping: The center of each site was satellite referenced and 

trees and Rhizopogon spp. mycorrhiza sample locations were measured using stem-

mapping field survey equipment.  Understory vegetation, ground cover, and topographic 

features were recorded at each sample location, and systematic transect surveys were 

used to describe the vegetation cover in each site.  

Network Analysis:  Node degrees, degree distributions, clustering coefficients and 

centrality measures were used to classify the structure of mycorrhizal networks as 

regular, random, or scale-free, with spatial attributes integrated into the graph theoretical 

measures.  Descriptions of these terms and their analyses are provided in Beiler et al. 
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(2009a).  The analysis methods used to compare network structure between moist and dry 

soil moisture regimes are provided in Beiler et al. (2009b) and Simard (2009).  

Genetic analysis: Basic population genetic elements such as allele number, 

diversity, observed versus expected heterozygote ratios, and linkage disequilibrium 

between loci were calculated using GenAlEx software version 6.1 

(http://www.anu.edu.au/BoZo).  These methods are reported in Beiler et al. (2009a; in 

main text and supplemental data).  Genetic analysis of objective 4 data is ongoing and 

will be reported in a future manuscript.  

 

Project scope and regional applicability 

This study strengthens our understanding of key belowground processes that 

facilitate the regeneration of interior Douglas-fir forests following disturbance, and are an 

important factor in the self-organization, stability, productivity, and biodiversity of 

complex forest stands in general.  This information is intended to help determine target 

sizes and configurations of green tree patches that should be retained following 

disturbance (e.g., partial cutting, salvage logging following wildfire) in order to conserve 

the ability of the ecosystems to regenerate and hence develop into healthy stand 

structures.  We also provide information to help design partial retention systems that 

mitigate regeneration failure with drought associated with climate change. 

  This research was undertaken in the dry-belt Douglas-fir forests immediately 

north of Kamloops in the Southern Interior Forest Region (in areas surrounding UTM: 10 

U 674256, 5636450) and the results are applicable to the southern interior. 
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Interim conclusions, inference and information  

The results addressing our first objective are presented in detail and discussed in 

Beiler et al. (2009a).  In general, we found that nearly 70% of trees in the plot, including 

all cohorts, were linked belowground through one or more individual fungal genets.  

Regenerating seedlings were linked into the extensive mycorrhizal network of mature 

veteran trees, and seedling establishment was likely facilitated by these linkages through 

increased access to water, nutrients, and surplus carbohydrates.  The potential for such 

transfers was bolstered by the physical properties of these Rhizopogon species, which 

form large perennial genets (we observed R. vesiculosus genets spanning up to 21 m) and 

specialized large-diameter hyphal structures called rhizomorphs.  We also found a strong 

positive association between tree size and connectivity, such that large trees acted as hubs 

in the network.  The relationship between tree size and connectivity, together with the 

high overall connectivity across the stand, resulted in a scale-free network structure.  This 

suggests that large trees not only play a foundational role in seedling regeneration, but are 

also important for maintaining functional linkages across stands and the self-organization 

of complex stand structures and forest biotic communities.  Because the structure of a 

network also indicates its robustness, we can infer that the mycorrhizal network 

connectivity we describe would be resilient to random perturbations (fine-root turnover, 

blow-down, or trees randomly targeted by insects or disease) but susceptible to attacks 

targeting large veteran trees (high-grading, or insects/disease targeting mature trees).   

The architecture of mycorrhizal networks has implications for forest dynamics, patch size 

requirements for maintaining ecosystem functioning and biological diversity, and 

resilience of forests to disturbance or stochastic events.   
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The results addressing our second objective are outlined in Beiler et al. (2009b).  

In short, we found that individual genets of R. vesiculosus and R. vinicolor were 

continuous across small spatial extents (20 cm to 2 m).  These results address an 

important assumption made in our first objective, that fungal genets provide continuous 

links between trees, rather than fractioning into multiple isolated ramets.  We also found 

that R. vesiculosus and R. vinicolor frequently overlap in horizontal space, but that they 

partition vertically when overlap occurs.  This partitioning results from vertical niche 

differentiation where R. vesiculosus occurs across a significantly broader depth range 

than R. vinicolor, which occurred only in the organic layer of the forest floor.  Both 

species selected for habitats characterized by coarse woody debris and rocky substrates.       

 For our third objective we compared the structure of mycorrhizal networks (large 

scale) and individual fungal genets (fine scale) between two soil moisture regimes in the 

IDFdk.  The results of the large-scaled study are presented in Simard (2009) (with a 

second manuscript by Beiler et al. in preparation) and showed that mycorrhizal networks 

were equally important in both moist and dry soils, despite moist soils supporting denser 

growths of trees.  Ongoing work will help decipher if regeneration facilitation through 

mycorrhizal networks may play a role in determining differences in stand density and 

genetic diversity between moist and dry soils.  Similarly, the frequency and spatial 

continuity of individual Rhizopogon spp. genets were similar between moist and dry soil 

moisture regimes.  Data from these smaller replicated sites also corroborated the results 

of our second objective, including the vertical niche differentiation and habitat selectivity 

of R. vesiculosus and R. vinicolor.  These results are discussed fully in Beiler et al. 

(2009b).          
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Our final objective was to determine how the spatial distribution of networking 

Rhizopogon spp. fungi affects the natural regeneration patterns of Douglas-fir in the field.  

Our work, along with previous studies, has shown that mycorrhizal networks may 

facilitate natural regeneration patterns in temperate forests (Booth 2004, Nara 2006, 

McGuire 2007, Teste et al. 2008, Beiler et al. 2009a., & Teste et al. 2009).  Patterns of 

genetic relatedness among trees in our study also provided anecdotal evidence that 

mycorrhizal networks may influence the genetic structure of stands at localized scales.  

However, the allelic diversity was so high at the microsatellite loci used to distinguish 

tree individuals that we were unable to estimate the relatedness of enough tree pairs to 

provide a meaningful analysis.  We are currently applying additional microsatellite 

markers to tree genotypes from our study to help clarify the role networks play in the 

genetic structure of forests (this work is being funded by an NSERC grant held by partner 

Dan Durall).   

 

Management implications 

The primary implications of our results to forest management, based on the 

characteristics of Douglas-fir trees and R. vesiculosus and R. vinicolor fungi in our IDFdk 

study sites, are summarized below: 

1. Large trees acted as hubs for underground networks in our study, and would thus 

facilitate understory regeneration more efficiently than retaining only young or 

middle-aged trees; high grading is not recommended in these stands.   

2. Partial retention prescriptions should include aggregates of ten trees (the average 

number colonized by one fungal genet) or more to provide a refuge for 
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ectomycorrhizal fungal communities while also supporting the carbon demands of 

large, perennial fungal genets such as R. vesiculosus.  

3. In variable retention systems where hub trees are retained, gap sizes 60 m distance 

or less between retained trees will help maintain the structural and functional 

continuity of belowground networks, thus reducing the restoration time back to 

naturally structured and functioning stands.  This gap size criterion would also 

promote the genetic diversity of R. vesiculosus and R. vinicolor populations. 

4. The frequency and continuity across space and networking properties of 

Rhizopogon spp. were similar between dry and moist soil conditions in our study.   

5. Microsatellite DNA markers can be used as a tool to estimate the rooting extent of 

large mature trees and the distribution of fungal genets with minimal effort or 

impact.  The presence of Rhizopogon spp. fungi may be a useful indicator of stand 

connectivity because they colonize trees of all ages, they are prevalent across the 

range of Douglas-fir, and their morphology is well adapted for long-distance 

networking. 

6. The retention of coarse woody debris in advanced stages of decay promotes the 

growth of Rhizopogon spp. fungi.  

 

Final Report Supplemental Manuscripts  
 
 Drafts of three journal articles were submitted to the Ministry of Forests Library 

website in lieu of a final report (as approved by Goran Vajistanac).  These report in detail 

the results specific to each of our project objectives in final technical report format 

(Abstract, Introduction, Methods, Results, Discussion, Conclusions and Management 
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Implications, Literature Cited) and will be published in refereed journals accessible to the 

public.  The three supplemental articles are listed below:  

 

Beiler K.J., Durall D.M., & Simard S.W. (2009a) Mapping the wood-wide web: 
mycorrhizal networks link multiple Douglas-fir cohorts. Ecology Letters (in 
review) 

 
Beiler K.J., Durall D.M., & Simard S.W. (2009b) Evidence of vertical niche 

differentiation between coexisting Rhizopogon vesiculosus and R. vinicolor genets 
in an interior Douglas-fir forest. (in review)   

 
Simard S.W. (2009) The foundational role of mycorrhizal networks in self-organization  

of Douglas-fir forests. Forest Ecology and Management (in press). 
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