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Abstract 

Using a novel, in-situ soil imprinting technique coupled with fine-scale soil sampling 

of a chronosquence of mixed birch / Douglas-fir regenerating from fire and clearcut in 

the Interior Cedar Hemlock biogeoclimatic zone (ICHmw2, ICHmw3, and ICHmk2 

variants), we demonstrate differences in EcM fungal hyphal communities with stand 

age, confirming work on EcM root tips. EcM hyphae were found to be negatively 

associated with phosphatase activity in the mineral layer of stem exclusion (60 yr. old) 

and older stands (100+ yr. old), and in the organic layer of the younger (5 yr. old), 

canopy closure (20 yr. old), and stem exclusion stands. In the older stands, however, 

EcM fungi were positively associated with phosphorus mobilization in the organic layer.  

The characterization of the extracellular enzyme activity of bacteria associated with 

EcM hyphae at a stand exclusion site revealed that EcM actively structure nearby 

bacterial communities resulting in reduced phosphatase activity by these bacteria. This 

result supports the finding that EcM are negatively associated with phosphatase activity 

at these sites and indicates that EcM actively interact with the soil microbial community 

to reduce immobilization of organic phosphorus by bacteria, potentially enhancing 

uptake by EcM hyphae. The change in distribution of  EcM hyphae in the organic layer 

of the older forest stands may indicate a functional shift to active phosphorus acquisition 

by EcM at this stage of stand development.  By characterizing the structure of EcM 

hyphae with relation to an ongoing nutrient mobilization process and how this structure 

changes with forest age, this study takes an important step toward characterizing the 

functional diversity of EcM in the field. 



Introduction

Ectomycorrhizal roots are the major organ of nutrient uptake by most 

commercially important trees in temperate forests. By associating with ectomycorrhizal 

(EcM) fungi, roots gain access to nutrients that would otherwise be inaccessible to them.  

This includes poorly soluble nutrients such as phosphorus, copper and zinc, which can 

be absorbed by EcM hyphae that extend beyond the zones around roots that typically 

become depleted in these nutrients.  Hyphae can also penetrate into small water-filled 

soil pores containing nutrients that are physically inaccessible by roots.  Finally, EcM 

fungi release organic acids and extracellular enzymes that release soluble forms of 

nutrients from soil minerals and soil organic matter, respectively. 

Formerly, EcM fungi were considered only with respect to their role in increasing 

nutrient uptake by plants.  Now, however, it is becoming increasingly appreciated that 

they play a major role at the ecosystem level by influencing nutrient cycling  (Schimel 

and Bennett, 2004; Talbot et al., 2008).  Because EcM fungal biomass can represent 30 

% of microbial biomass in northern conifer forest soils, their release of hydrolytic and 

oxidative enzymes contributes substantially to the mineralization of soil organic matter.  

One recent paper concluded that we must consider EcM fungi as important decomposer 

organisms  (Talbot et al., 2008).  They are also one of the major conduits of carbon into 

soil  (Högberg and Högberg, 2002).  Compared to inputs of above-ground litter, turnover 

of EcM roots and hyphae direct at least at 75% more carbon into forest soils  (Högberg 

et al., 2002).  Given that they provide these important ecosystem services, it is important 

that a functionally competent EcM fungal community be retained across the landscape 

as forest harvesting takes place.

Molecular techniques have now provided increased understanding of the changes 

in EcM fungal communities after harvest and during stand development  (Jones et al., 

2003; Twieg et al., 2007).  However detecting changes in the physiological capabilities 

of these fungal communities is much more challenging and more important.  One 

approach that has been used is to quantify the activities of various extracellular enzymes 

associated with EcM root tips colonized by different fungi  (Courty et al., 2005).  This 



technique has demonstrated that forest management practices such as liming (Rineau et 

al., 2009) and thinning  (Buée et al., 2005) change not only the species composition of 

the EcM fungal community, but also its capacity for mineralization of soil organic 

molecules.  A problem with this approach, however, is that it tests only the EcM root 

tips, whereas much of the activity of extracellular enzymes is thought to be associated 

with the fungal mycelium that extends beyond the EcM mantle into the soil  (Bending 

and Read, 1995; Timonen et al., 1998). A field based approach that better characterized 

differential EcM hyphal function in the field monitored the transfer of isotopically 

labeled nitrogen from forest soil to a host tree (Jones et al., 2009). While differences in 

EcM function were found, due to the difficulty of labeling larger, organic compounds, 

isotope studies are limited to characterizing the transfer of smaller, inorganic nutrients.

Ectomycorrhizal hyphae do not exist in isolation in soil, but instead are part of a 

complex community of bacteria, archaea, protozoa, mites and collembola. These other 

organisms may also contribute to nutrient mobilizing activities in the hyphosphere, that 

portion of the soil influenced by EcM hyphae. A recent study has shown that bacteria 

isolated from EcM root tips in mineral soil demonstrate a greater potential to solubilize 

inorganic phosphorus (Pi) than the bacteria isolated from bulk soil, indicating that the 

EcM symbiosis may exert a selective pressure on the functional diversity of nearby 

bacteria  (Calvaruso et al., 2007; Frey-Klett et al., 2005). Additionally, Pi solubilizing 

bacteria have been found to interact positively with EcM fungal hyphae  (Toro et al., 

1997; Kim et al., 1998; Muthukumar et al., 2001). However, again, these studies have 

focussed on EcM roots, even though extensive EcM hyphal elaboration means that bulk 

forest soils, especially organic horizons, will be comprised mainly of hyphosphere.

The objective of this project was to determine how the functional attributes of the 

EcM fungal community changed during regeneration of mixed birch / Douglas-fir stands 

in the ICH in order to determine when the community reached functional maturity. This 

would provide additional input to spatial planning of silviculture prescriptions. An 

earlier FSP-funded project determined that it takes approximately 65 years for the 

species composition of the EcM fungal community of ICH stands in the southern 



interior to stabilize after stand-destroying disturbance  (Twieg et al., 2007), but that 

study did not examine nutrient cycling ability.  

We designed and tested a novel in-situ approach to localize the activity of 

extracellular hydrolytic enzymes in soil and to fingerprint the fungal community 

associated with the activity.  This fine scale approach of linking an ecosystem function 

to specific fungi is unique and may be useful as an indicator of soil activity.  By 

comparing a database of molecular data from EcM fungi previously detected on root tips 

at the site, we were able to recognize EcM signatures within the fungal molecular 

fingerprints. We could then determine whether any birch-specific fungi were associated 

with these hot-spots of enzyme activity and were playing a specific role in nutrient 

cycling in these stands.  Finally, we used an ingrowth mesh-bag technique to isolate 

bacteria that associate with EcM fungi and to test for their role in phosphorus and 

nitrogen cycling. After nitrogen, phosphorus (P) is the mineral nutrient required at 

highest levels by plants, and it can be highly immobile in soils. When only pollen and 

nematodes are considered as sources of organic P, it has been estimated that 15% of the 

P supplied to trees in boreal forests is mobilized by EcM fungal hyphae  (Read and 

Perez-Moreno, 2003). 

We used phosphomonoesterase as the model enzyme for the in situ work.  This 

enzyme breaks the ester bonds in biologically derived molecules such as lipids, fatty 

acids and proteins, as well as from more recalcitrant molecules resulting from 

decomposition, such as phytate, to release inorganic phosphate.  Phosphate is absorbed 

by the fungus, stored in hyphae as polyphosphates, and passed on to root cells.  For the 

bacterial work, we also tested N-acetylglucosaminidase activity, an enzyme that attacks 

chitin polymers, thereby releasing readily absorbable forms of nitrogen.  We focused on 

characterizing the extracellular activities of the bacterial community associated with 

fungal hyphae and isolating actinobacteria that could be useful additions to commercial 

inoculum products.



Methods

Root window study of fungi associated with phosphatase

We installed root windows in 12 mixed Douglas-fir (Pseudotsuga menziesii) paper 

birch (Betula papyrifera) stands located in moist, warm (ICHmw2, ICHmw3) or moist, 

cool (ICHmk2) variants of the Interior Cedar-Hemlock (ICH) biogeoclimatic zone  

(Lloyd et al., 1990). There were three replicate stands of four age classes, representing a 

chronosequence of stand development stage  (Oliver et al., 1996): the younger stage of 

stand initiation, when Douglas-fir and paper birch establish concurrently (4–6 yr old); 

the canopy closure stage, when Douglas-fir and paper birch compete intensely for 

resources (21–30 yr old); the stem exclusion stage, when birch starts to senesce, creating 

canopy gaps (60–70 yr old); and the older stand stage, when Douglas-fir dominates over 

remaining paper birch (90–103 yr old). (The stands in this study representing these age 

classes will be referred to as “younger”, “canopy closure”, “stem exclusion” and 

“older”.) The younger stands were the result of recent clear-cutting and tree planting 

while the canopy closure, stem exclusion and older age classes were natural forest stands 

initiated after stand-replacing wildfires.  The stands have been completely described in 

Twieg et al. (2007).  Root-windows consisted of transparent acrylic panels (77 x 52 x 0.6 

cm), each with a 30 x 30 cm trap door  (Grierson and Comerford, 2000). Two root-

windows per stand were dug vertically into the soil profile midway between paired birch 

and fir trees such that the top of the trap door was at the soil surface. 

The root windows were left for one to two years after installation in order for 

organisms to re-colonize the disturbed soil immediately adjacent to the window.  Then 

phosphatase activities were localized using an imprinting technique. Filter paper sheets 

were impregnated with a reagent that releases a stable red precipitate when acted on by 

phosphomonoesterases  (Dinkelaker and Marschner, 1992; Dong et al., 2007). Each 

treated sheet was applied directly to intact soil profiles accessed through the trap door 

and incubated in place for one hour (Figure 1).  This allowed us to see the intensity and 

distribution of phosphatase activity across the soil face.



Figure 1: Phosphatase imprinting – treated filter paper applied to soil profile 

through root window trap door.

After the imprint was removed from the window, the locations of phosphatase 

activity were traced onto a transparency films laid over top of the imprint (Fig. 2 a). 

From the locations marked on the transparent sheet, three phosphatase ‘hot-spots’ and 

three spots in the centers of patches where no activity was detected were chosen, at 

random, from both the organic and mineral soil layers. Holes were then punched through 

the transparent sheet at the chosen locations, the sheet was fixed onto a foam-board 

frame to ensure the same placement as the original imprint, toothpicks were used to 

mark each hole, the transparent sheet was removed, and a micro-sample of soil was 

collected from each spot using sterile forceps (Figure 2b-d).

Figure 2: Imprint targeted micro-sampling: (a) Red spots indicating phosphatase 

activity are marked on a transparent sheet. (b) Micro-sampling locations marked 

on soil profile with toothpicks inserted through small holes in the transparent sheet. 

(c) Transparent sheet removed. (d) Micro-sampling of soil profile with sterile 

forceps.



DNA was extracted from soil micro-samples and fungal DNA was amplified by 

polymerase chain reaction (PCR). After cleaning, the products were amplified a second 

time using two primers with different coloured fluorescent tags.  After cutting with two 

different restriction enzymes, each fungus sample produced four types of amplified 

DNA, with different colour-tagged ends and of different lengths.  When viewed mixed 

together, these produced a different fingerprint (TRFLP) for each fungal community 

from each soil microsample. We compared the fungal community fingerprints by 

phosphatase activity, soil layer, root window, and stand age class. Whether samples 

within these groups were more similar than samples between groups was compared 

using a non-parametric technique: the multi-response permutation procedure (MRPP)  

(Mielke Jr and Berry, 2001). 

In order to specifically recognize signatures of EcM fungi from within the overall 

fungal fingerprints, we constructed a reference library of TRFLPs from DNA isolated 

from 66 EcM fungi found on birch and Douglas-fir roots at these sites  (Twieg et al., 

2007). The TRAMPR program  (Fitzjohn and Dickie, 2007) was then used to identify 

EcM fungal signatures in each fingerprint. An EcM fungal TRFLP signature was 

counted as present if three of its four restriction fragments were observed in the micro-

sample TRFLP fingerprint with an intensity of greater than 70 fluorescence units.  

Ectomycorrhizal fungal genera exhibiting strong spatial relationships to soil phosphatase 

activity were identified using Indicator Species Analysis  (Dufrêne and Legendre, 1997).

Bacteria – EcM fungal interaction study

Three types of bags were constructed: (i) bags that allowed hyphal in-growth (35 ! 

mesh, 6 replicates), (ii) bags that allowed bacterial colonization, but excluded hyphae 

(0.5 ! mesh, 6 replicates), and (iii) bags that allowed colonization by neither bacteria nor 

hyphae (plastic, 2 replicates). Each bag was then filled with sterilized sand, because this 

has repeated been shown to select for EcM fungi over saprotrophic fungi, and buried in 

the F layer of one of the 60-year-old sites.  After 3 months, the bags were removed, and 

bacteria cultured from all three types of bags.



Each bacterial isolate was tested for its ability to produce phosphatase and N-

acetyl glucosaminidase using a modification of a fluorometric method Marx 2001}. 

Each isolate was identified to genus or species following amplification of the 16S rRNA 

gene, sequencing, and comparison of the sequences with on-line databases. A bacterial 

assemblage representing the total community was also constructed by sequencing 384 

cloned PCR products amplified from composited samples from all bags.

Results

Root window study of fungi associated with phosphatase

Fingerprints of the fungal communities differed between spots exhibiting low 

versus high phosphatase activities, when compared within the same soil layer in the 

same root window, for seven of the 12 root windows.  In six of these cases, the 

differences occurred amongst microsites in the mineral soil; differences were detected 

only once amongst microsites from organic horizons (Figure 3, Table 1). Differences 

between the EcM fungal fingerprints of high and low phosphatase micro-sites were 

detected in two additional plots. Altogether different fungal fingerprints were found 

between low and high phosphatase microsites for at least one of the two soil layers in 

nine of the 12 plots.  One possible interpretation is that the differences reflect the 

community of fungi responsible, either directly or indirectly, for release of the 

phosphatase. 



Figure 3: Representation of targeted sampling scheme and results. Three plots (root 

windows) were sampled, one at each of three sites per stand age class. Three 

microsamples were taken from phosphatase hotspots (red symbols) and three from 

regions without detectable phosphatase activity (green symbols) from both the 

forest floor (circles) and mineral soil (triangles).  Differences in the general fungal 

assemblage was detected in the mineral soil at six sites (yellow stars) and in the 

forest floor at one site (beige star).  Differences in the ectomycorrhizal hyphal 

assemblage were found in the mineral soil at two sites (blue stars).

Age class Plot Soil layer Fingerprint type

MRPP

Age class Plot Soil layer Fingerprint type p

Younger IDA M Total fungal 0.02

Canopy Closure ED2 O Total fungal 0.03Canopy Closure

MA1 M EMF 0.02

Canopy Closure

MA2 M Total fungal 0.05

Stem Exclusion CL1 M EMF 0.02Stem Exclusion

CL2 M Total fungal 0.09

Stem Exclusion

RR2 M Total fungal 0.04

Older AR2 M Total fungal 0.03Older

WAP M Total fungal 0.10

Table 1: Plots with significant differences between the TRFLP fingerprints (either 

the total fungal or the EcM assemblages) of micro-samples from phosphatase active 

micro-sites vs non-active sites evaluated by MRPP (group sizes 2 to 3).



The differences in fungal assemblages between low and high activity sites were 

not detected when they were compared between root windows in different sites of the 

same age class or amongst age classes.  This suggests high site-to-site variability 

amongst fungal assemblages, indicating that association of fungi with specific activities 

may occur at local levels and could be difficult to generalize regionally.  However, in 

spite of the high site-to-site variability, detectable differences in both the overall fungal 

assemblages and the EcM assemblages were observed amongst stand ages. Furthermore, 

we found evidence for different functioning of fungal communities depending on stand 

age. First, there was a difference in the number of EcM fungi in the low and high 

phosphatase spots depending on the stage of stand development.  In the forest floor, 

there were more instances of EcM fungi identified in the low phosphatase than the high 

phosphatase spots at the younger, canopy closure, and stem exclusion age classes, but 

this reversed in the older age class (Figure 4).  In the mineral soil, there were no 

differences in the number of occurrences EcM fungal taxa according to phosphatase 

activity in the younger and canopy closure age classes, but in the later stages of stand 

development, more occurrences of taxa were found in the areas of low phosphatase 

activity. Second, the Indicator Species Analysis identified eight EcM fungal as being 

spatially distributed relative to soil phosphatase activity (Table 2). These associations 

were specific for a stand age class and soil horizon.  There was no obvious consistency 

amongst age classes that would indicate a stabilization of fungal function in the 

community.  Instead, each age class has its own characteristics.



Figure 4: The relative association of EcM taxa with phosphatase (Pase) active vs 

non-active micro-sites in the organic and mineral layer of each forest age class.  

Significant differences in EcM presence are marked with an asterisk (*). Error 

bars are +/- SEM.

Genus group Forest age class Soil layer Pase activity p

Amphinema Older O + 0.04

Corinarius Stem Exclusion M - 0.08

Hebeloma Canopy Closure M - 0.10

Inocybe Canopy Closure M - 0.03

Rhizopogon Stem Exclusion M - 0.10

Thelephora Stem Exclusion O - 0.04

Tomentela Stem Exclusion O - 0.02

Xerocomus Canopy Closure M + 0.03

Table 2: EMF genera identified Indicatory Species Analysis as indicative of 

particular micro-site types (phosphatase active: “+”; phosphatase non-active: “ - ” ) 

within a forest age class and soil layer.



 Bacteria – EcM fungal interaction study

As expected, the two methods of identifying bacteria communities in the mesh bags 

detected a different suite of bacteria (Table 3).  Molecular identifications from the clone 

library indicated that the overall community composition was dominated by 

Proteobacteria (70%) followed by Actinobacteria (13%), whereas the isolation method 

resulted in selection for actinobacteria producing a collection of isolates strongly 

dominated by Actinobacteria (76%), followed by Proteobacteria (20%). Interestingly, 

while the presence of hyphae in the bags did not appear to influence the taxonomic 

composition of the bacterial assemblages obtained by the culture method, the Simpson’s 

diversity (D) and equitability (E) indices were significantly lower for the assemblages of 

bacteria isolated from bags containing hyphae.  

The most important finding is that the bacteria isolated from the mesh bags that 

allowed hyphae to grow into them had significantly lower extracellular phosphatase 

activity, when tested in the lab, compared to bacteria isolated from bags that excluded 

hyphae. Extracellular N-acetylglucosaminidase production by the two groups was not 

significantly different (Figure 5).  Assemblage diversity was significantly and positively 

related to phosphatase production (p < 0.01; R2 = 0.54) (Figure 6).



Phylum Class Sub Class/Order
Clones 

(%) 
Isolates 

(%)

Firmicutes Bacilli Bacillales 0 2

Bacteroidetes Sphingobacteria Sphingobacteriales 10 1

Acidobacteria Acidobacteria Acidobacteriales 6 0

Actinobacteria Actinobacteria Actinobacteridae 13 76

Proteobacteria Gammaproteobacteria Enterobacteriales 1 0

Gammaproteobacteria Pseudomonadales 4 0

Gammaproteobacteria Xanthomonadales 3 0

Deltaproteobacteria Myxococcales 1 0

Betaproteobacteria Burkholderiales 20 9

Alphaproteobacteria Sphingomonadales 16 2

Alphaproteobacteria Rhodospirillales 1 0

Alphaproteobacteria Caulobacterales 2 1

Alphaproteobacteria Rhizobiales 20 8

Table 3: Percent occurrence of phylogenetic groups comprising at least 1% of the 

sequences identified from cloned PCR products (283 clones originating from 

ingrowth, exclusion and control bags composite samples) and from isolates (269 

isolates derived from all bag types).



Figure 5: Average production of N-acetylglucosaminidase (NAGase) and 

phosphatase for assemblages of isolates from ingrowth and exclusion bags.  

Significant differences at indicated by different letters.



Figure 2: Simpson’s diversity index (D) vs average phosphatase activity for 

assemblages of isolates from ingrowth, exclusion, and ziplock bags.  (p < 0.01; R = 

0.54)



Discussion

Stage of stand development and fungal function 

Using this fine-scale technique, we detected a change in both the overall fungal 

community and the EcM fungal community with stand age. Our results confirm those of 

Twieg et al. (2007) that the EcM fungal community in mixed birch / Douglas-fir stands 

in the ICH vary with the stage of stand development.  Our results also expand the 

relevance of the finding by Twieg et al. (2007) that the EcM community had stabilized 

somewhat by the stem exclusion stage by demonstrating changes in the distribution of 

EcM hyphae with relation to soil phosphatase and support the finding by Twieg et al. 

(2009) that abundance of EcM species was negatively correlated with available P. Our 

examination of EcM hyphae carries additional relevance because these hyphae not only 

have a role in supplying nutrients and water to their host trees, but also have a major 

influence on nutrient mobilization processes in soils through their release of 

extracellular enzymes. 

Our use of root windows to study phosphorus mobilization in the context of forest 

regeneration detected a clear difference between the two later stages of stand 

development and the earlier two.  In previous work, we detected a shift in the spatial 

distribution of phosphatase from one with many small intense areas of activity in the two 

earlier stages to a more diffuse pattern beginning at stem exclusion  (Dong et al., 2007). 

In the current project, we found that this change in pattern was associated with a reduced 

association of EcM fungi with phosphatase activity in the mineral soil in the older age 

class. Furthermore, we found evidence of a significant change in the older stand age 

class, where more EcM fungi were found in high than in low phosphatase patches in the 

forest floor. It is interesting that the forest stands of this older age class had the lowest 

level of available phosphorus in the organic layer  (Twieg et al., 2009).

Taken together, these results suggest an increased role of EcM fungi in the 

mobilization of organic nutrients in these stands compared to stands in earlier stages of 

regeneration. Ectomycorrhizal fungi may be involved in other forms of nutrient 

mobilization in these age class stands, or other microbes, particularly the saprotrophic 



fungi, may be the drivers of organic nutrient mobilization.  Ectomycorrhizal fungi can 

capture P directly from saprotrophic fungi when their carbon supply is stronger than that 

available to the saprotrophs  (Lindahl et al., 1999). Recent work has shown that 

saprotrophic fungi take up nitrogen from the litter layer while EcM fungi take up 

nitrogen in the fermentation layer  (Lindahl et al., 2007). There is also stratification of 

saprotrophs to the litter layer and EcM fungi to the fermentation and mineral layers  

(Lindahl et al., 2007).  It is possible that the increase in EcM fungi associated with 

phosphatase activity in the older sites may be a function of a change in the saprotrophic 

community at that stand age, meaning that it is the ability of EcM fungi to interact with 

and possibly displace saprotrophic fungi from nutrient sources in older forests that could 

be an important mechanism in tree nutrient acquisition.  An important observation for 

forest management is that this change in the older stands appears to be associated with a 

shift in the location and activity of the foraging hyphae of the EcM fungi, rather than the 

appearance of new taxa.

Usefulness of the method as a monitor of the function of the soil microbial community

This micro-sampling technique shows considerable promise in linking fungi to fine-

scale, active soil processes, as well as to landscape scale effects such as forest stand age.  

The method for detecting phosphorus activity is quite straightforward and can be used 

easily in the field.  However, the identification of the fungal community is quite time 

consuming and, hence, is probably not useful for routine monitoring.  The construction 

of the reference library of EcM fungal TRFLP signatures was especially time 

consuming. Nevertheless, understanding the drivers of soil processes such as nutrient 

cycling typically requires the use of modern molecular techniques, and this in situ 

method gives a more realistic picture of the relationship between these processes and the 

organisms involved than many more destructive approaches.  As such, investment in 

these more intense studies is warranted in order for us to fully understand how these 

processes change during stand development and to properly manage them under both 

current and future climates.  This new technique, coupling an in-situ imprint method 

with immediate, centimeter-scale soil sampling, was capable of detecting both the fine-



scale effect of micro-site phosphatase status as well as the landscape scale effect of 

forest age class on the structure of general fungal and EcM fungal communities. 

Hyphal – bacterial interactions

By burying in-growth mesh sand bags in the forest floor, we were able to 

characterize how the culturable components of the bacterial community were influenced 

by fungal hyphae. We found that the overall community composition was not different 

between the bacterial assemblages from different bag types, indicating that soil bacteria 

do not need to use fungal hyphae as ‘motorways’ to colonize new niches in forest soil. 

However, the presence of fungal hyphae was correlated with bacterial assemblages with 

significantly lower Simpson’s diversity and equitability, and this lower diversity was 

strongly related to lower average phosphatase activity. Furthermore, the average enzyme 

activity of individual isolates from bags allowing hyphal penetration was lower than 

those from bags excluding hyphae.

The reduction in bacterial community diversity associated with fungal hyphae 

indicates that some selection pressure is affecting community function and reducing 

enzyme production.  This selection pressure may act against bacterial strains as well as 

selecting for individuals that differ in their abilities to produce enzymes. In our project, 

we isolated and tested bacterial cultures. By doing so, we revealed differences in the 

functional structure of the bacterial hyphosphere community that would not have been 

revealed by molecular methods alone.  Our study also indicates some antagonistic 

interactions between hyphae and bacteria such that including bacteria in EcM fungal 

inoculum would be counter-indicated. 

 Conclusion and Management Implications

1. Stand age – We found differences in EcM fungal hyphal communities with 

stand age, confirming work on EcM root tips.  EcM fungi do not seem to play 

a role in phosphorus mobilization from the forest floor until these mixed 

birch / Douglas-fir stands reach 80-100 years old.  Furthermore, these fungi 

are present elsewhere in the soil and are present in the earlier regeneration 



stage age classes.  Taken together with the results of  Twieg et al. (2007; 

2009), while the stem exclusion stands contain functionally and taxonomically 

distinct EcM fungi, no unique taxa are present in the older stand age class. 

However, the shift in function associated with EcM hyphae seen in the older 

forest stands, with a transition from hyphae being negatively associated with 

phosphatase activity to being positively associated with phosphatase activity 

in the organic layer, may have important management implications. This 

change in EcM hyphal structure in older stands may indicate a change in EcM 

physiology connected with the stand properties of these older sites.  

Furthermore, this phase shift may be an indicator of functional maturity of the 

EcM community that must be further characterized in order to develop a forest  

management plan that best simulates natural disturbance.

2. Importance of birch-specific EcM fungi – We found no evidence that birch-

specific EcM fungi play a unique role in the mobilization of phosphorus in 

these stands. However, our library of birch specific fungi was very limited as 

the most common species appear to co-occur with other endophytic fungi 

making isolation and characterization of genomic DNA from these species 

difficult.

3. Interactions between fungal hyphae and bacteria – We found evidence that 

fungal hyphae interact with competing decomposer bacteria by selecting 

against bacteria with higher capacities to extract and immobilize organic P.  

This suppression of bacteria by EcM may slow decomposition while at the 

same time increasing nutrient capture by hyphae for transport to host trees.  

4. Isolation of synergistic bacteria for use in inocula – Our results indicate that 

the strains isolated in this study should not be included in EcM fungal inocula.

5. Usefulness of the method in establishing indicators and for monitoring forest 

soil function - By revealing a shift in EcM function with stand age, the fine-

scale sampling method has provided evidence of an EcM phase change in 

forest stand development that is closely linked with tree nutrient acquisition. 



This change from passive to active association with soil phosphatase activity 

may be a key indicator of a critical stage of natural stand regeneration.  By 

monitoring when this phase change occurs in managed stands compared to 

naturally regenerating stands, we can better assess and tailor management 

methods that simulate natural disturbance and enhance healthy regeneration.  

Additionally, our results indicate that monitoring of soil function should 

evaluate bacterial extracelluar enzyme production by considering reduced 

bacterial function as an indicator of increased potential nutrient mobilization 

to trees by EcM.

6. By demonstrating significant differences in the prevalence of the hyphae of 

EMF taxa with relation to the phosphatase status of soil micro-sites, this study 

takes an important step toward demonstration of functional diversity with 

relation to nutrient mobilization in the field. This study connects EcM fungi 

associated with a fine-scale soil process to the ecosystem process of forest 

regeneration, helping to elucidate one component of the below ground 

interactions that may be in involved in fine-scale soil spatial heterogeneity.  

This understanding is essential for the understanding of fine-scale soil 

processes and for determining how these processes effect ecosystems at a 

landscape scale  (Hobbie and Hobbie, 2008; Jones et al., 2005; Schimel and 

Bennett, 2004). 
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