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Functional diversity in nutrient mobilization by ectomycorrhizal fungi (EcM) has been 

demonstrated with fungal isolates in microcosms. It remains a challenge to 

demonstrate this diversity in the field due to the difficulty in locating the exact areas 

of  nutrient mobilization in a complex soil environment and is further complicated by 

the presence and activity of  hyphae from closely related saprotrophic fungal species.  

In a previous study, we introduced a novel, in-situ imprint method to visualize the 

locations of  soil phosphatase activity present on the soil. By coupling this imprint 

method with immediate, centimeter-scale soil sampling targeted at the exact areas of  

phosphatase activity indicated by the imprint, we develop a new method to localize 

EcM species associated with high rates of  phosphatase activity in the field.  We tested 

this targeted sampling method at two scales: at a fine scale within 20 cm x 20 cm 

imprint plots, and at a landscape scale across replicate age class stands of  a forest 

chronosequence an average of  30 km apart.   Micro-samples were taken with forceps 

from three areas of  phosphatase activity and three non-active areas in the organic and 

mineral layers at each plot.  The total fungal community present in these micro-

samples was characterized using Terminal Restriction Fragment Length 

Polymorphism (TRFLP), and a library of  60 EcM TRFLP signatures was used to 

identify EcM TRFLP signatures in the total fungal TRFLP fingerprints.  At the 

kilometer scale, total fungal fingerprints and EcM signatures were significantly 

different between age classes regardless of  the distance (km) between plots.  At the 
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centimeter scale, total fungal fingerprints were significantly different between 

phosphatase active vs non-active areas in 7 of  12 plots, while EcM signatures only 

differed significantly in 2 plots. However, there were significantly more EcM taxa 

associated with non-active than active micro-sites in both the organic and mineral 

layers of  almost all age classes, with the notable exception of  more EcM taxa 

associated with phosphatase active micro-sites in the organic layers of  older sites. Six 

EcM taxa were primarily associated with non-active micro-sites, and two were 

associated with active sites: Amphinema and Xerocomus. This micro-sampling 

technique was capable of  linking the fine-scale effect of  EcM community structure 

with relation to in-situ soil phosphatase activity with the landscape scale effect of  

forest stand age.

Introduction

Plant growth is influenced by the ectomycorrhizal fungi (EcM) present on 

individual roots  (Jonsson et al., 2001). This growth effect may be influenced by the 

ability of  EcM species to acquire and transport nutrients to the host and by the 

carbon demand on the host to support these fungi.  Though functional diversity in 

nutrient mobilization by individual EcM has been demonstrated with fungal isolates in 

microcosms  (Bending and Read, 1995; Bending and Read, 1995), it remains a 

challenge to demonstrate this diversity in the field due to the difficulty in locating the 

exact areas of  nutrient mobilization in a complex soil environment and is complicated 

by the presence and activity of  hyphae from closely related saprotrophic fungal 

species.  

 Field based studies investigating functional diversity have focused on 

ectomycorrhizal (EM) root-tips and have shown variability in the enzymatic capacity 

of  excised EM root-tips  (Jones et al., 2009; Courty et al., 2005; Pritsch et al., 2004).  

At a fine scale, species of  EcM on root-tips occur as inter-articulated patches  (Zhou 
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and Hogetsu, 2002) that are vertically stratified by exploration type in the soil profile  

(Baier et al., 2006).  Additionally, the species of  EcM on root-tips are non-randomly 

distributed with some species appearing to exclude others while others appear to co-

occur  (Koide et al., 2005).  It remains an open question as to what extent functional 

diversity contributes to the distribution of  EcM species in soil.

The enzymatic capabilities of  excised mycorrhizae and the spatial distribution of 

mycorrhizal root-tips provide indirect evidence for the in-situ function of  EcM; 

however, it is foraging fungal hyphae rather than mycorrhizal root-tips that are the 

main organs of  fungal nutrient mobilization and the main carbon sink for host plants.  

Since many EcM produce extensive hyphal networks to explore soil, interact with 

substrates and mobilize nutrients, there is an on-going effort to characterize the 

distribution and function of  hyphae in-situ.  Similar to the distribution of  EcM 

species on root-tips, the hyphae have also been shown to form patches in soil  

(Genney et al., 2006) stratified by forest floor layer  (Dickie et al., 2002).  However, 

the distribution of  EcM species as hyphae in soil differs from the distribution found 

on EM root-tips  (Genney et al., 2006), and more EcM species are found as hyphae 

than as mycorrhizae  (Koide et al., 2005).  There also appears to be a non-random 

occurrence of  species as hyphae which is analogous, but not identical, to the pattern 

seen on root-tips  (Koide et al., 2005).  It is unknown to what extent the enzymatic 

activity associated with excised mycorrhizae is expressed by the hyphae of  EcM 

present in forest stands.  

Connecting the distribution of  EcM species as hyphae in soil with particular 

functions, such as nutrient mobilization, remains a challenge due to the difficulty in 

locating the exact areas of  nutrient mobilization in a complex soil environment and is 

complicated by the presence and activity of  hyphae from closely related saprotrophic 

fungal species.  However, there is substantial evidence that EcM hyphae play a 

significant role in the mobilization of  nutrients directly from both organic and 
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inorganic sources. Laboratory studies of  EcM seedlings investigating the functional 

capabilities of  EcM hyphae have demonstrated EcM hyphae can mobilize both 

phosphorus and nitrogen from organic resources  (Bending and Read, 1995; Perez-

Moreno and Read, 2000).  Recent studies using mesh sandbags incubated in the 

organic layer of  forests in Sweden have demonstrated that EcM hyphae are associated 

with the mobilization of  inorganic phosphorus from sandbags  (Nilsson and 

Wallander, 2003), and the presence of  particular EcM species has been shown to be 

associated with the potential enzymatic activities seen in specific types of  tree litter  

(Sinsabaugh et al., 2002).  

Assays of  potential soil enzyme activities have been used to evaluate the relative 

nutrient mobilization capacity of  soil microbial communities  (Sinsabaugh et al., 

2002).  The presence of  enzymes such as acid phosphatase has been used as an 

indicator of  biologically mediated nutrient mobilization  (Sinsabaugh et al., 1991).  

Though molecular methods can be used to identify the EcM species associated with 

potential enzyme activities of  soil samples, the soil sampled for these assays may or 

may not represent locations of  active nutrient mobilization.  To connect nutrient 

mobilization from soil organic matter in-situ to the presence or absence of  EcM 

species, exact locations of  active nutrient mobilization in soil need be identified, and 

the EcM species present at those locations must be determined.  

In this study, we characterize the structure of  EcM hyphae with relation to a 

fine-scale nutrient mobilization process and connect that structure to a large scale 

ecological process.  This multiple scale approach can provide information essential for 

development of  models that help to understand and predict mycorrhizal functions at 

community, ecosystem, and global scales  (Johnson et al., 2006). In a previous study, 

we used a root-window imprint method to visualize the locations of  fine-scale 

phosphatase activity present on the soil profile in a chronosequence of  Douglas-fir/

birch stands of  different ages in the interior of  BC that were regenerating from stand 
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replacing fires  (Dong et al., 2007).  We reported a significant change in the pattern of 

in-situ soil phosphatase activity between younger stands (<30 years) vs older stands 

(>60 years), the younger stands having smaller and more numerous areas of  enzyme 

activity than the older stands.   This change in the pattern of  soil enzyme activity 

correlated with a shift and stabilization of  the EcM community at these stands  

(Twieg et al., 2007). By coupling the root-window imprint method with immediate 

micro-sampling targeted at the exact areas of  phosphatase activity indicated by the 

imprint, we tested a new method for the localization of  EcM species with respect to 

an ongoing nutrient mobilization process.  Here we describe the results of  this micro-

sampling method at two scales: at a fine scale within 20 cm x 20 cm root window 

plots, and at a landscape scale across replicate age class stands of  a forest 

chronosequence.  By comparing the Terminal Restriction Fragment Length 

Polymorphism (TRFLP) fingerprints of  the fungal DNA present in the micro-

samples and by matching EcM TRFLP signatures in those fingerprints, we 

determined that this targeted micro-sampling technique is capable of  revealing trends 

in the structure of  the EcM TRFLP signatures at both the fine and landscape scale.  

Materials and Methods

Study sites

In order to test the targeted micro-sampling method at a landscape scale, we 

sampled 22 forest stands, five or six replicate stands for each of  four stand age classes. 

Replicate stands were separated by an average distance of  30 km.  The forests were 

mixed Douglas-fir (Pseudotsuga menziesii) paper birch (Betual 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) of  southern interior 

British Columbia, Canada. The four stand age classes represented a chronosequence 

of  stand development stage  (Oliver and Larson, 1996): the stand initiation stage, 
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when Douglas-fir and paper birch establish concurrently (4–6 yr old); the beginning of 

the stem exclusion stage (a.k.a. canopy closure), when Douglas-fir and paper birch 

compete intensely for resources (21–30 yr old); the stand re-initiation stage, when 

birch starts to senesce, creating canopy gaps (60–70 yr old); and the stand re-initiation 

stage, when Douglas-fir dominates over remaining paper birch(90–103 yr old). 

Henceforth, these age classes are referred to as Young (YG), Canopy Closure (CC), 

Stem Exclusion (SE), and Older (OD) stands, respectively.  (See Twieg et al. 2007, for 

a complete description of  stands.)  The younger forest stands were the result of  

recent clear-cutting, broadcast burning, and tree planting while the three older age 

classes were natural forest stands initiated after stand-replacing wildfires.

Root-windows were used for targeted micro-sampling.  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 windows were installed at each stand (24 total). 

These root-windows 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 

windows were oriented perpendicular to the slope, and window locations were chosen 

to minimize the presence of  tree roots of  other tree species present in the stands.  

The root-windows were maintained in the field for one year prior to sampling.  

Sampling

In several stands one of  the root windows had been disturbed by bears during 

the one year equilibration period, therefore only one root-window per forest stand 

was sampled.  Phosphatase reactive imprinting sheets were prepared by soaking 20 cm 

x 20 cm sheets of  filter paper for 1 min in a 1:10 (v/v) mixture of  50mM α-naphthyl 

phosphate (SigmaN7255) and 10mM Fast Red TR (Sigma F2768). Each reagent was 

prepared in 50mM pH 5.6 citrate buffer.  The imprinting sheets were air-dried and 

stored at 4ºC until use  (Dinkelaker and Marschner, 1992).  In this method acid 
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phosphatase detection is based on the release of  naphthol by phosphomonoesterase 

through the hydrolysis of  α-naphthyl phosphate.  The released naphthol reacts with 

the diazonium salt (Fast Red TR) to form a stable red precipitate on the imprinting 

sheet.  Treated imprinting  sheet was pressed directly against intact organic and 

mineral soil horizons accessed through the trap door and incubated in place for one 

hour (Figure 1).  

After incubation, locations of  phosphatase activity were transferred from the 

incubated imprints onto transparency films. Dark pink areas on the imprint that were 

at least 9 mm in diameter were considered high areas of  high phosphatase activity and 

were marked for  sampling. Low phosphatase activity sample sites were selected from 

the center of  the largest areas with no colour change.  Three phosphatase active and 

three inactive sampling sites were chosen at random from the locations marked on the 

transparent sheet from both the organic and mineral layers. A maximum of  12 micro-

samples were collected per imprint.   Holes were then punched through the 

transparent sheet at the chosen locations to guide sample collection. Micro-samples of 

soil (0.25g) were collected using sterile forceps (Figure 2), transferred into eppendorf  

tubes and immediately placed on dry ice until frozen in the lab at -80°C.

EcM TRFLP signature library construction

Terminal restriction fragment length polymorphism (TRFLP) was used to 

identify EcM TRFLP signatures in micro-sample TRFLP fingerprints.  A library of  

EcM TRFLP signatures was constructed using DNA extracted from EM root-tips 

collected from the stands of  the chronosquence. In a previous study, soil cores were 

collected in Spring and Fall for 2 consecutive years, and the EcM present on root-tips 

were identified by sequence analysis of  DNA extracted from morphotyped EM  

(Twieg et al., 2007).  The library of  EcM TRFLP signatures was created using the 

DNA extracted from these morphotyped EM. 
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We selected 100 EcM taxa for T-RFLP analysis that had yielded high quality 

sequence reads with at least 95% agreement to a named sequence in the NCBI 

database. The polymerase chain reaction (PCR) products originally used for sequence 

verification of  these 100 unique EcM taxa were re-amplified using fluorescently 

labeled primers VIC-ITS1F and NED-IST4 (Applied Biosystems)  (Gardes and 

Bruns, 1993).  Each 25 μl PCR reaction consisted of: 12.5 μl Fermentas Master Mix, 

11 μl Fluka nuclease-free water, 5 pmol of  each primer, and approximately 0.5 ng 

DNA. The thermocycler settings were: 5 min at 94 ºC, 35 cycles of  1 min at : 94 ºC, 

50 sec at 55 ºC, 50 sec at 72 ºC, 15 min at 72 ºC.  Reactions were cleaned using a 

UltraCleanTM PCR Clean-up DNA Purification Kit (Mobio). PCR products were 

subjected to restriction digests with Hinf1 and HaeIII endonucleases (New England 

Biolabs) in separate reactions following manufacturer's instructions.  Terminal 

restriction fragments were analysed using an Applied Biosystems PRISM 377 

automated sequencer (NAPS Unit, UBC).

For some taxa the digested PCR products did not yield four unique TRFLP end 

products which were required for the taxon to be included in the library. In this case 

the original PCR product was cloned (pGEM-T Easy Vector System, Promega, 

Madison, WI).  For each cloning reaction, at least five white colonies were picked and 

re-amplified using an unlabeled ITS1F/ITS4 primer set and the PCR protocol 

described above.  These PCR products were then sequenced and the taxon identity 

verified by matching the aligned sequence using the NCBI database. Clones that 

matched the original taxon identity by at least 95% were then re-processed for TRFLP 

analysis as described above.

Micro-sample TRFLP fingerprint construction

DNA was extracted from micro-samples using the PowerSoil DNA Isolation Kit 

(MO BIO Laboratories, USA) following the supplied protocol and amplified by PCR 
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using a nested protocol with primer set NSA3/NLC2  (Gardes and Bruns, 1993) used 

for the initial amplification and ITS1F/ITS4 used for the second  (Gardes and Bruns, 

1993). Initial amplification reactions were 25 μl (12.5 μl Fermentas Master Mix, 9.5 μl 

Fluka nuclease-free water, 10 pmol of  each primer, and approximately 1 ng DNA) 

using the following thermocycler program: 8 min at 95 ºC, 35 cycles of  30 sec at 95 

ºC, 40 sec at 66 ºC, 40 sec at 72 ºC, 15 min at 72 ºC.  Reactions were cleaned (Mo Bio 

UltraCleanTM PCR Clean-up DNA Purification Kit) and then re-amplified using 

fluorescently labeled primers VIC-ITS1F and NED-IST4 (Applied Biosystems) as 

described above.

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

TRFLP signatures in the micro-samples. An EcM TRFLP signature was counted as 

present if  all three of  its restriction fragments (VIC-Hinf1, NED-Hinf1, VIC-HaeIII, 

and NED-HaeIII) were observed in the micro-sample TRFLP fingerprint with an 

intensity of  greater than 70 fluorescence units.

Statistical analyses

All the TRFLP fingerprints and EcM species assemblages obtained from the 

micro-samples were grouped a priori by phosphatase activity status, soil layer, plot, 

and age class, and these groupings were compared using the multi-response 

permutation procedure (MRPP)  (Mielke Jr and Berry, 2001) in PCord  (McCune and 

Mefford, 2005). MRPP is a nonparametric procedure for testing for differences 

between groups, and it generates a measure of  within-group agreement or effect size 

(A) and a test statistic that quantifies between-group difference (T). When inter-group 

heterogeneity is greater than expected by chance, A < 0.  T =1 indicates perfect intra-

group similarity, with T ≈ 0.4 considered an indication of  good similarity  (McCune et 

al., 2002). All MRPP were calculated using rank transformed squared Euclidean 

distance matrices and group weighting of  n/sum(n). The effect of  geographical 
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distance between each plot on the apparent between-group difference (T) was 

assessed using Mantel’s Asymptotic Approximation   (Mantel, 1967) in PCord. 

Interaction between geographical distance and age class on T was evaluated by 

regression analysis in JMP (JMP 7.0.1, SAS Institute Inc., 2007). The effect of  

geographical distance between each micro-sample within a plot was also tested using 

the Mantel test, but the cluster analysis procedure in PCord was used to generate the 

distance matrix for micro-sample TRFLP fingerprints in each plot. The grouping of  

plots by forest age class was tested for robustness by comparing the average T statistic 

for all possible combinations of  three age class groupings against 50 randomly 

constructed groupings using a two-tailed Welch’s t-test in JMP.  EcM species groups 

exhibiting strong spatial structure with relation to soil phosphatase activity were 

identified using Indicator Species Analysis  (Dufrêne and Legendre, 1997) in PCord.  

The occurrence of  EcM taxa in phosphatase active micro-sites was contrasted with 

the occurrence at non-active micro-sites with each soil layer for each age class using 

Student’s t-test in JMP.  An alpha of  0.1 has been used to indicate a significant effect.

Results

Total fungal TRFLP

  We collected 190 micro-samples from 22 windows.  Ten of  these windows 

presented insufficient phosphatase activity at the time of  imprinting for a complete 

set of  12 micro-samples to be obtained, and the partial sample sets from these 

windows were removed from the analysis. leaving 144 micro-samples from 12 

windows.  Of  the 144 micro-samples, 9 failed to produce TRFLP fingerprints either 

due to very low amounts of  DNA extracted or poor amplification of  fungal DNA.

When total fungal TRFLP fingerprints were considered, significant similarities 

were detected amongst the total fungal fingerprints at scales ranging from the 

landscape down to site level.  At the broadest scale, the effect of  physical distance 
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between plots on the similarity between TRFLP fingerprints derived from a plot was 

tested.  Mantel’s asymptotic approximation was used to evaluate correlation between a 

matrix containing the distances in km between each pair of  plots and a second matrix 

containing the MRPP T statistics generated by pair-wise comparisons of  all plots 

where the grouping for each plot consisted of  all of  the TRFLP fingerprints 

generated from each plot (7 to 12 fingerprints per plot).  No significant correlation 

was found between the physical distance between plots and the similarity of  the 

TRFLP fingerprints obtained from the plots.  

  To determine whether sampling one 20 cm x 20 cm plot per forest stand could 

detect the broad scale effect of  stand age, total fungal TRFLP fingerprints were 

grouped by forest age class and tested by MRPP.   Grouping fingerprints by forest age 

class also resulted in a significant relationship (group size 31 to 35; T = -22.04; A = 

0.11; p < 0.01).  However, grouping fingerprints by plot alone revealed that micro-

sample TRFLP fingerprints grouped more strongly by plot (group size = 7 to 12; T = 

-35.07; A = 0.33; p < 0.01) indicating that plot scale differences might be contributing 

to the significant effect of  forest age class. To test whether the relatively small forest 

age class effect size (A = 0.11) was robust, a randomization procedure was used to 

determine whether grouping plots by age resulted in significantly different T and A 

scores than grouping plots randomly. Plot TRFLP fingerprints were randomly 

grouped to construct three groups of  three plots for 50 separate MRPPs. Plots were 

also grouped by age class, and all combinations of  three age classes were tested by 

MRPP.  The average T and A scores for all combinations of  plots grouped by age 

class were significantly different than the average of  the 50 random MRPP scores (p 

= 0.01 and p = 0.04 respectively, two-tailed Welch’s t test) verifying that grouping 

TRFLP fingerprints by forest age class resulted in groups that were more uniform 

(e.g. larger A values) and more distinct from each other (e.g. smaller T values) and 
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demonstrating that microsampling of  one 20 cm x 20 cm plot per forest stand was 

capable of  detecting the large scale effect of  stand age.

The effect of  soil layer was investigated using MRPP by grouping total fungal 

TRFLP fingerprints by soil layer both within plots and within forest age classes.  

Significant differences between organic vs mineral layers were detected in 3 of  12 

plots.  This spatial autocorrelation by soil layer was verified with Mantel’s Asymptotic 

Approximation using the distance between micro-samples in cm as one matrix and 

the distance matrix generated by cluster analysis as the other.  The Mantel test 

identified 5 of  12 plots as having significant autocorrelation; the same three plots that 

had been identified by MRPP and an additional two plots where the MRPP p values 

had been close to the significance cutoff.

The small scale effect of  soil phosphatase activity on total fungal TRFLP 

fingerprints was also investigated using MRPP.  For each plot, fingerprints produced 

from micro-samples taken from areas of  soil phosphatase activity within each soil 

layer were grouped together and compared to the fingerprints from micro-samples 

taken from areas of  low phosphatase activity (2 to 3 fingerprints per group).  The 

groups of  total fungal fingerprints were found to be significantly different between 

the two types of  soil micro-sites in 7 of  12 plots, with all but one of  these significant 

differences found in the mineral soil layer.  However, the differences between 

fingerprints from phosphatase active and non-active areas in a plot were not strong 

enough to be detected when the fingerprints from replicate plots of  a forest age class 

were grouped together.

Ectomycorrhizal TRFLP

The library of  EcM TRFLP signatures was generated from 100 ectomycorrhizal 

root-tip DNA samples.  Of  these samples, 66 produced the 4 unique enzyme digest 

end products required to create an EcM TRFLP signature. Using the criterion of  

12



three identifying fragments present above a detection threshold of  peak height over 

70 fluorescence units, TRAMPR software matched 63 of  these 66 EcM TRFLP 

signatures to TRFLP fragments in the total fungal fingerprints of  the soil micro-

samples. At least one of  the EcM taxa in the database was detected in 111 out of  the 

135 micro-sample TRFLP fingerprints analyzed.  The maximum number of  EcM taxa 

detected in any sample was 37 with an average of  11 taxa detected per micro-sample.  

The similarities amongst EcM assemblages at the landscape scale were similar to 

those found when considering the total fungal TRFLP fingerprints. No significant 

correlation between the distance between plots and the difference between EcM 

assemblages grouped by plot (as expressed by the MRPP T statistic) were found using 

Mantel’s Asymptotic Approximation.  Unlike the total fingerprints, the EcM 

assemblages grouped strongly both by plot (group size = 4 to 12; T = -12.099940; A 

= 0.27862265; p < 0.01) and by forest age class (group size = 23 to 32; T = 

-16.940212;  A = 0.20487404; p < 0.01). When comparing forest age classes, the 

prevalence of  EcM taxa associated with phosphatase active vs non-active micro-sites 

changed was significantly different only in the organic layer of  the older age class, 

with EcM taxa more often associated with phosphatase active micro-sites than non-

active micro-sites (p < 0.01).  There was considerable variability in the number of  

EcM taxa associated with phosphatase active vs non-active micro-sites between the 

replicate stands of  each age class, however, EcM were more often detected in non-

active micro-sites in the stem exclusion (p = 0.03) and older age classes (p = 0.05) 

(Figure 1). In the organic layer, EcM more often detected in non-active micro-sites in 

the young (p = 0.02), canopy closure (p = 0.03) and stem exclusion (p = 0.10) age 

classes (Figure 1).  However, in the older age class, EcM were more often detected in 

phosphatase active micro-sites (p = 0.10) (Figure 1).

The small scale effect of  soil phosphatase activity on total fungal TRFLP 

fingerprints was also investigated using MRPP.  For each plot, fingerprints produced 
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from micro-samples taken from areas of  soil phosphatase activity within each soil 

layer were grouped together and compared to the fingerprints from micro-samples 

taken from areas of  low phosphatase activity (2 to 3 fingerprints per group).  The 

groups of  total fungal fingerprints were found to be significantly different between 

the two types of  soil micro-sites in 7 of  12 plots, with all but one of  these significant 

differences found in the mineral soil layer (Table 1).  However, the differences 

between fingerprints from phosphatase active and non-active areas in a plot were not 

strong enough to be detected when the fingerprints from replicate plots of  a forest 

age class were grouped together. MRPP of  the micro-sample EcM assemblages 

associated with phosphatase active vs non-active micro-sites within each soil layer of  

each plot identified two plots where the assemblages differed significantly (Table 1). 

EcM taxa were grouped by genus for Indicator Species Analysis.  There were eight 

genera identified in the older age classes:   two were associated with phosphatase 

active micro-sites and 6 with non-active sites (Table 2).Discussion

The landscape scale effect of  forest stand age was detected by fine-scale, 

targeted, micro-sampling of  20 cm x 20 cm plots.  Total fungal TRFLP fingerprints 

were significantly different between forest age classes (p < 0.01), with good similarity 

within plots (A = 0.33).  Though the similarity between plot total fungal fingerprints 

was not significantly affected by distance, and replicate forest stands for each age class 

in this study were interspersed across the landscape, there was a trend toward more 

distant plots having less similar fingerprints.  

The effectiveness of  micro-sampling  for detecting community differences 

associated with fine-scale, in-situ soil phosphatase was less clear. Significant 

differences between the total fungal TRFLP fingerprints of  samples from 

phosphatase active vs non-active micro-sites were found in only 7 of  12 plots, and all 

but one of  these differences was found in the mineral soil layer.  The sampling 

constraint posed by immediate, imprint-guided sampling of  phosphatase active areas 
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on the soil profile resulted in a reduction of  replication in this study with 10 of  22 

plots failing to produce sufficient sampling locations at the time of  imprinting.  Also, 

micro-sampling less than 0.25 g of  soil resulted in poor extraction efficiency in 9 of  

144 samples.  Since only three replicates of  each soil micro-site type were taken, the 

loss of  these 9 samples negatively affected our ability to detect differences within 

some plots.  The predominance of  differences detected in mineral vs the organic soil 

layers may be due to the relatively greater homogeneity of  the mineral layer as 

compared to the organic layer in these forests.  Greater sampling intensity and/or a 

more fine-scale sampling method may be required to detect differences between 

phosphatase active and non-active micro-sites in the organic layer.

This micro-sampling technique shows considerable promise in linking EcM to 

fine-scale, active soil processes as well as to landscape scale effects such as forest stand 

age.  Using a library of  60 EcM TRFLP signatures to identify EcM taxa in micro-

sample total fungal TRFLP fingerprints, assemblages of  EcM were significantly 

different between forest age classes (p < 0.01), and this effect was more pronounced 

than the effect seen with total fungal fingerprints.  Within each forest age class, EcM 

were negatively correlated with phosphatase activity in organic and mineral layers of  

almost all age classes.  This result is supported by Twieg et al. (2009) in a study 

conducted on at these forest stands demonstrating that the richness of  EcM species 

present on root tips was negatively related to available phosphorus. The distribution 

of  EcM species has also been shown to be associated with available phosphorus in 

other ecosystems (Morris et al. 2008). The organic layer of  oder stands provided the 

notable exception to the overall negative relationship between EcM and micro-site 

phosphatase.  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).  Of  the 

EcM taxa identified as indicative of  micro-site phosphatase status, only 1 of  5 taxa in 
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the mineral layer was indicative a phosphatase active micro-site.  Similarly, only 1 of  3 

taxa identified in the organic layer was indicative of  a phosphatase active micro-site.

While differences in the structure of  EcM assemblages with relation to micro-

site phosphatase status were detected within forest age classes at the landscape scale, 

these differences were less evident at the smaller scale of  the sampling plot.  were 

detected.  Assemblages of  EcM taxa differed significantly by micro-site phosphatase 

status in only 2 of  12 plots.  Again, comparing only two to three assemblages per 

micro-site type reduced the robustness of  the MRPP analysis.  Also, the library of  

EcM TRFLP signatures contained only 60 of  over 100 phylotypes identified by Twieg 

et al. (2007) to be present as mycorrhizae at these sites.  Therefore, the taxa present in 

the soil as hyphae that were identified by this study is not fully representative of  the 

EcM present on these sites.  Additionally, only 3 of  4 identifying fragments of  an 

EcM signature were required for a taxon to be counted as present, increasing the 

chance of  mistakenly identifying a particular taxon as present when it was not.  It is 

also possible that non-mycorrhizal fungal species present in the soil could have similar 

TRFLP signatures to EcM taxa included in the library, adding another level of  

uncertainty to the identification of  EcM in soil. In addition to possible 

misidentification, there are known issues for using TRFLP to identify EcM from soil.  

The amplification of  spore DNA and/or differential amplification efficiencies 

between EcM species can bias the resulting population of  amplicons in unpredictable 

ways  (Avis et al., 2006). Direct sequencing methods may help to resolve some of  

these issues, however TRFLP has been shown to be useful for detecting differences in 

the distribution of  EcM species present in soil as hyphae  (Dickie et al., 2002; Koide 

et al., 2005) and was effective in this study for detecting differences in the structure of 

EcM hyphae with relation to the phosphatase status of  soil micro-sites.

By demonstrating significant differences in the prevalence of  the hyphae of  

EcM taxa with relation to the phosphatase status of  soil micro-sites, this study takes 
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an important step toward demonstration of  functional diversity with relation to 

nutrient mobilization in the field. This new technique, coupling an in-situ imprint 

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

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

of  forest age class on the structure of  total fungal and EcM communities.  This study 

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

forest regeneration, helping to elucidating 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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Figure 1: Phosphatase imprinting – treated filter paper applied to soil profile 
through root window trap door.
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Figure 2: Imprint targeted micro-sampling:  Red spots indicating phosphatase 
activity are marked on a transparent sheet (a). Micro-sampling locations 
marked on soil profile with toothpicks inserted through small holes in the 
transparent sheet (b). Transparent sheet removed (c).  Micro-sampling of  soil 
profile with sterile forceps (d).
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Figure 3: 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. 
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Age class Plot
Soil 
layer

Fingerprint 
type

MRPPMRPPMRPP
Age class Plot

Soil 
layer

Fingerprint 
type T A p

Younger IDA M Total fungal -2.79 0.27 0.02

Canopy Closure ED2 O Total fungal -2.46 0.31 0.03Canopy Closure
MA1 M EcM -2.62 0.38 0.02

Canopy Closure

MA2 M Total fungal -1.76 0.28 0.05

Stem Exclusion CL1 M EcM -2.27 0.15 0.02Stem Exclusion
CL2 M Total fungal -1.61 0.14 0.09

Stem Exclusion

RR2 M Total fungal -1.95 0.19 0.04

Older AR2 M Total fungal -2.46 0.11 0.03Older
WAP M Total fungal -1.14 0.14 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).
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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: EcM 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.
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