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(P ≤ 0.01), even though soil nutrient status did not differ 
greatly between the two plot types (P ≥ 0.05). Communi-
ties on forest seedlings were dominated by Tylospora spp., 
whereas those in clearcuts were dominated by Amphinema 
byssoides and Thelephora terrestris. Surprisingly, while 
substrate conditions varied among microsites (P ≤ 0.03), 
especially between decayed wood and mineral soil, EMF 
communities were not distinctly different among microhab-
itats. Our data suggest that niche partitioning by substrate 
does not occur among EMF species on very young seed-
lings in high elevation spruce-fir forests. Further, dispersal 
limitations shape EMF community assembly in clearcuts in 
these forests.

Keywords Determinism · Fungal succession · Clearcuts · 
Community structure · Bioassay

Introduction

Different ectomycorrhizal fungal (EMF) species colonize 
seedlings in forests and clearcuts (Jones et al. 2003; Dickie 
et al. 2009; Ding et al. 2011). These differences may result 
from limited inoculum and/or dispersal (Hagerman et al. 
1999; Taylor and Bruns 1999; Dickie and Reich 2005; 
Peay et al. 2010), and altered abiotic properties (Kranabet-
ter and Friesen 2002; Dickie et al. 2009; Peay et al. 2010; 
Ding et al. 2011) in clearcuts. Some EMF species propa-
gate effectively by vegetative growth from root system to 
root system (Simard et al. 1997; Nara 2005), while others 
rely more on dispersal from spores (Deacon and Fleming 
1992; Izzo et al. 2006; Blaalid et al. 2012). By removing 
all large trees, clearcutting greatly reduces hyphal exten-
sion from colonized roots as a source of inoculum. Conse-
quently, seedlings planted within the rooting zone of forest 

Abstract Ectomycorrhizal fungal (EMF) communities 
vary among microhabitats, supporting a dominant role for 
deterministic processes in EMF community assemblage. 
EMF communities also differ between forest and clearcut 
environments, responding to this disturbance in a direc-
tional manner over time by returning to the species com-
position of the original forest. Accordingly, we examined 
EMF community composition on roots of spruce seed-
lings planted in three different microhabitats in forest and 
clearcut plots: decayed wood, mineral soil adjacent to 
downed wood, or control mineral soil, to determine the 
effect of retained downed wood on EMF communities 
over the medium and long term. If downed and decayed 
wood provide refuge habitat distinct from that of mineral 
soil, we would expect EMF communities on seedlings in 
woody habitats in clearcuts to be similar to those on seed-
lings planted in the adjacent forest. As expected, we found 
EMF species richness to be higher in forests than clearcuts 
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edges are colonized by a greater range of EMF species than 
those planted further into the clearcut (Hagerman et al. 
1999; Dickie and Reich 2005). The loss of these important 
inoculum sources leaves only ‘resistant propagules’ such as 
spore banks and sclerotia (Taylor and Bruns 1999; Jones 
et al. 2003; Izzo et al. 2006). Dispersal limitation resulting 
from this loss of inoculum, in addition to species-specific 
colonization mechanisms (i.e., from living hyphae versus 
from spore) (e.g., Kennedy et al. 2011; Peay et al. 2010) 
will influence the composition of the EMF community in 
young stands developing after clearcutting.

Clearcuts differ significantly from forests in their abi-
otic properties, exhibiting greater diurnal fluctuations in 
temperature and moisture than forest soils (Bunnell and 
Houde 2010). In addition, nitrate levels often increase for 
several years after clearcut logging (Wall 2008), while the 
thickness of the forest floor decreases (Laiho and Prescott 
2004). One of the major differences between clearcuts and 
old-growth stands is the amount of downed wood on the 
soil surface (Berg et al. 1994; Smith et al. 2000). In some 
subalpine forests in British Columbia, coarse woody debris 
(CWD), defined as downed wood larger than 8–10 cm in 
diameter, covers 14 % of the ground surface, and is esti-
mated to remain on the ground for an average of 320–
350 years (Hollstedt and Vyse 1997). In various jurisdic-
tions, 30–50 % of natural CWD levels represent a threshold 
below which species are lost (Berg et al. 1994; BC Ministry 
of Forests and Range Chief Forester. personal communica-
tion, 2010). Downed logs influence the soil environment 
for soil microbes, including EMF (Harvey et al. 1979; Elli-
ott et al. 2007), and are considered to be legacy material 
from the previous stand (Elliott et al. 2007; Molina et al. 
2010). In mature forests, decayed wood often supports an 
EMF community distinct from those in organic or mineral 
soils (Goodman and Trofymow 1998; Tedersoo et al. 2003). 
Consequently, decayed wood remaining from the previous 
stand may be important for preserving forest EMF species 
in young disturbed stands, by providing habitats with abi-
otic characteristics more similar to mature forests than the 
rest of the clearcut (Smith et al. 2000).

The creation or maintenance of microsites with specific 
abiotic environments due to the retention of downed wood 
would be expected to be most influential if deterministic 
processes are more important than stochastic processes 
as drivers of community assembly by EMF. Determinis-
tic processes are those where differences in heritable traits 
among species favor establishment of different species in 
different environments (Chase and Myers 2011). Stochas-
tic processes are ecologically neutral processes such as 
random dispersal or disturbance events. Within an EMF 
community, species with specialized niches should be most 
affected by deterministic processes (Bruns 1995). Interpre-
tation of mycorrhizal fungal community data in the light 

of community assembly processes is quite recent (e.g., 
Lekberg et al. 2007; Peay et al. 2010), but several biogeo-
graphic and successional studies have concluded that sto-
chastic effects dominate the assembly of root-associated 
fungi (Jumpponen 2003; Queloz et al. 2011). Specifically, 
the reduction in species richness of EMF on tree islands 
at increasing distances from intact forests indicated the 
importance of stochastic immigration and extinction events 
to Peay et al. (2010). Likewise, Blaalid et al. (2012) con-
cluded that the patchy distribution of EMF communities 
among Bistorta vivipara plants at a glacial forefront was 
evidence for the dominance of stochastic dispersal events. 
However, environmental properties such as host species 
and soil chemistry also strongly and directionally struc-
ture mycorrhizal assemblages (Bruns 1995; Tedersoo et al. 
2008; Koide et al. 2011). The relative importance of these 
stochastic and deterministic processes in EMF communi-
ties on clearcuts is unknown.

In the current study, we examined the composition of the 
EMF community on roots of spruce seedlings planted in 
three different microsites in both forest and clearcut plots in 
a high elevation forest. The microsites were decayed wood, 
mineral soil adjacent to a large intact piece of downed 
wood, or control mineral soil microsites. Our objective 
was to determine whether the community composition of 
EMF on young seedlings differed among these microsites, 
especially in clearcuts where downed and decayed wood 
are expected to provide refuge habitat distinct from that of 
mineral soil. We predicted that EMF communities would 
vary among microsites in both forest and clearcut plots. 
Furthermore, we expected EMF communities on seedlings 
in decayed wood or adjacent to downed wood in clearcuts 
to be similar to communities on seedlings planted in the 
adjacent forest. Taken together, these results would be con-
sistent with a dominant role for deterministic processes in 
EMF communities in this forest type.

Materials and methods

Field site description and experimental design

The Sicamous Creek Silvicultural Systems Trial is located 
in the Engelmann spruce–subalpine fir wet–cold biogeo-
climatic zone in the southern interior of British Columbia, 
Canada (http://www.for.gov.bc.ca/hre/becweb/resources/). 
Soils are Humo-Ferric Podzols, and the current forest 
began to re-establish after a fire event more than 350 years 
ago (Hollstedt and Vyse 1997). These unlogged areas are 
dominated by subalpine fir (Abies lasiocarpa Hook.), with 
a smaller proportion of Engelmann spruce (Picea engel-
mannii Parry ex. Engelm.), and a white rhododendron 
(Rhododendron albiflorum) and huckleberry/blueberry 

http://www.for.gov.bc.ca/hre/becweb/resources/
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(Vaccinium spp.) understory (Craig et al. 2006). The 150-
ha experimental area includes three replicate 10-ha clearcut 
blocks, which were harvested in the winter of 1994/95, 
and range in elevation from 1,580 m (Block A), through 
1,675 m (Block B), to 1,770 m (Block C) (Hollstedt and 
Vyse 1997). In 1996, two 1-ha treatment plots were estab-
lished inside each cutblock: one where CWD generated 
during the harvest was retained and one where CWD 
was removed. Engelmann spruce was then operationally 
planted. Subalpine fir is now regenerating naturally in the 
clearcuts, which are primarily occupied by Vaccinium spp., 
and a number of herbaceous plants including Valeriana 
sitchensis and Arnica latifolia (Hagerman et al. 1999). The 
small size and low density of the trees (<2 m tall, and >3 m 
apart) allows for exposed conditions at the soil surface in 
the absence of herbaceous cover. In 2007, we established a 
1-ha control plot in the undisturbed forest, 30 m inside the 
southern margin of each cutblock.

In early May 2007, hybrid P. engelmannii × Picea 
glauca (Moench) Voss (native interior hybrid spruce) 
were grown from surface-sterilized seed (seedlot number 
26212; B.C. Ministry of Forests Seed Center, ID DWD 
20070064A) in sterile 1:1 peat:vermiculite potting mix. 
After 2 weeks of hardening off outdoors, 75 8-week old 
seedlings were gently shaken free of the potting mix and 
planted in each 1-ha plot, with 25 planted in each of three 
different microsites at randomly-selected locations. Con-
trol microsites comprised primarily mineral soil located 
at least 50 cm from any visible downed wood. Downed 
wood microsites were mineral soil within 5 cm, and- on 
the northern and downhill side, of a piece of downed wood 
at least 10 cm in diameter and of the Vegetation Resource 
Inventory decay class 1–3 (Government of BC Vegetation 
Resource Inventory, 2004). Decay classes 1–3 range from 
hard, intact logs with bark and twigs attached, to sagging, 
partly decayed logs with roots invading the sapwood. The 
decayed wood microsites were within wood of Vegetation 
Resource Inventory decay classes 4, 5, or beyond: sunken 
logs that are no longer round and which have roots invad-
ing the heartwood, as well as small, soft portions of wood 
on the ground. Because removal plots contained no logs, 
downed wood microsites in those plots were located adja-
cent to major above-ground horizontal roots associated 
with stumps. Twelve seedlings were randomly selected 
before and at planting, and were found to be non-mycor-
rhizal. Any seedlings that died over the first 8 weeks were 
replaced in early September.

Seedling harvesting and root tip sampling procedures

In late September 2008, we harvested five seedlings per 
microsite per plot by cutting a 5 × 5 × 20-cm-deep block of 
soil surrounding the root system. Samples were transported 

to the lab in plastic bags, on ice, then stored at 4 °C. Mor-
photyping of all live ectomycorrhizal root tips per seedling 
was based on Agerer’s (1987–2002) descriptions and the 
instructions of Goodman et al. (1996). Following examina-
tion at ×50 or ×100 and ×1,000, mycorrhizal morphotypes 
were distinguished by the type of branching, color, texture, 
abundance of hyphae, presence of rhizomorphs, and other 
microscopic features of the mantle (e.g., mantle pattern) and 
emanating hyphae (e.g., presence of septa). Two represent-
ative tips of each morphotype per seedling were frozen at 
−80 °C for DNA extraction and molecular identification.

Soil abiotic properties

In the center of each plot, one Decagon ‘Em5b’ datalogger 
with three ‘ECH2O’ soil moisture sensors attached (Deca-
gon Devices, Pullman, WA, USA) was installed, and three 
Onset ‘Stowaway Tidbit’ temperature loggers (Onset Com-
puter, Pocasset, MA, USA) were buried. The three pairs of 
sensors were buried 5 cm deep immediately adjacent to a 
seedling planted at each of three microsites in each reten-
tion (clearcut) and forest plot. Minimum daily moisture and 
maximum daily temperature were recorded throughout the 
snow-free growing season (July–September 2008).

Air-dried subsamples (approx. 10 g) of the soils sur-
rounding the root system of three seedlings per microsite 
type per plot (3 seedlings × 3 microsite types × 3 plot 
treatments = 27 samples) were ground with a mortar and 
pestle, and these were individually tested for exchangeable 
cations and effective cation exchange capacity (Al, Ca, Fe, 
K, Mg, Mn, Na, and CEC) (0.1 M barium chloride, ICP 
spectrometer), mineralizeable N (expressed as ammonium-
N, 1 N KCl anaerobic incubation) and extractable nitrate-N 
and ammonium-N (2 N KCl, colorimetric-autoanalyzer), 
and total C and N (combustion elemental analyzer). These 
tests were performed at the British Columbia Ministry of 
Forests and Range, Analytical Chemistry Services Labora-
tory in Victoria, British Columbia.

Molecular identification of fungi from ectomycorrhizae

Fungal DNA was extracted from frozen root tips by follow-
ing the protocols of the Sigma Extract-N-Amp Plant PCR 
Kit (Sigma-Aldrich, St. Louis MO, USA), and the Inter-
nal Transcribed Spacer (ITS) region of nuclear rDNA was 
amplified with GoTaq (Promega, Madison WI, USA) using 
the forward primer ITS1F (5′-CTTGGTCATTTAGAGG 
AAGTAA-3′) (Gardes and Bruns 1993) and the reverse 
primer ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White 
et al. 1990). The 50-μl GoTaq reaction mixture included 
2.5 μl of each 10 μM primer, 25 μl of GoTaq master 
mix 2×, 18.5 μl of sterile water, and 1.5 μl of template 
DNA. Thermal cycler conditions were: a 3-min initial 
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denaturation at 94 °C, followed by 35 cycles of 94 °C for 
1 min, 50 °C for 1 min, 72 °C for 1 min, and a final 10-min 
extension at 72 °C. Amplicons were visualized on a 1 % 
agarose gel, and single bands were cleaned with Agencourt 
AMPure XP magnetic beads according to the 96-well plate 
procedure (Beckman Coulter, Beverly, MA, USA), then 
quantified with a NanoDrop micro-volume spectrophotom-
eter (Thermo Scientific, Wilmington, DE, USA) prior to in-
house Sanger sequencing. Amplicons were sequenced with 
forward primer ITS1F and reverse primer ITS4 using the 
Big Dye Terminator Cycle Sequencing Kit (Applied Bio-
systems, Foster City, CA, USA).

Sequence contigs of fungal DNA from ectomycorrhizae 
were aligned, and base-pair calls corrected manually as nec-
essary after examining chromatograms, using Sequencher 
4.2 (Gene Codes, Ann Arbor, MI, USA). Primers were 
subsequently removed with MOTHUR v.1.16.0 (Schloss 
et al. 2009), and sequences of at least 450 bp were sub-
mitted for further analysis. The entire ITS region was iso-
lated using the Fungal ITS Extractor (Nilsson et al. 2010) 
and compared against the GenBank nucleotide database 
(BLASTn; Altschul et al. 1997) via the ITS Pipeline (Nils-
son et al. 2009), which groups sequences taxonomically. 
Sequences were also aligned with MAFFT v.5 (Katoh et al. 
2002), then assembled into distance matrixes and clustered 
in MOTHUR (countends = F, cutoff = 0.10). By plotting 
the range of accumulation curves for operational taxonomic 
units (OTUs) from this site, we determined that 95 % molec-
ular sequence similarity, although somewhat more inclu-
sive than commonly used (Buée et al. 2009; Tedersoo et al. 
2010), gave the best estimate of the number of fungal taxo-
nomic groups for this dataset, as it has for previous stud-
ies (Jumpponen and Jones 2009; Walker et al. 2012). The 
OTUs, once defined, were assigned a species name if the 
representative sequence had ≥97 % similarity over at least 
450 bp to a vouchered BLASTn database match. Remaining 
OTUs were subsequently given a genus name if there was 
94–96 % similarity, a family name for a 91–93 % match, 
and an order, class, or division name if <90 % similarity.

Statistical analyses

The experimental design was a balanced hierarchical model 
with three factors: block (cutblocks A, B, C, and adja-
cent forest), plot treatment (control forest, CWD reten-
tion, CWD removal), and microsite (control mineral soil, 
decayed wood, and downed wood). Block was designated 
as a random factor; plot treatment and microsite were fixed 
factors, with microsite nested in plot.

After assessing assumptions of normality by plotting his-
tograms and by performing Shapiro–Wilk’s tests, soil chemi-
cal data were cube-root transformed. Multivariate analyses 
were performed on two groups of soil chemical properties 

once it was determined that they covaried: (1) mineralize-
able N, extractable ammonium, extractable nitrate, total C, 
and total N, and (2) exchangeable cations and CEC. These 
data were tested using hierarchical multivariate and univari-
ate ANOVA (when multivariate results warranted subsequent 
analysis) (R v.2.15.0; R Development Core Team 2012). 
Post-hoc Tukey HSD tests were used to compare differences 
between all pairs of means when ANOVA P < 0.05, with 
Bonferroni correction. Daily minimum soil moisture and 
daily maximum soil temperature data were analyzed by per-
mutational multivariate analysis; this was performed using 
ADONIS in the Vegan package of R (Oksanen et al. 2012).

Rarefied observed (Mau Tau) and estimated (Jackknife 
1) fungal taxon richness, Shannon diversity, and evenness 
per microsite and per plot were calculated in EstimateS 
(v.8.2) (Colwell 2009). Sample-based rarefaction with 
replacement was applied to correct richness estimates for 
the unequal number of tips per sample. Indicator Species 
Analysis (Dufrêne and Legendre 1997) was used (PC-
ORD; McCune and Mefford 1999) to explore the impor-
tance of individual fungal taxa to decayed wood, downed 
wood, and control microsite communities or to those in 
forest and clearcut plots. Analyses of community composi-
tion were based on relative abundance of each fungal taxon 
per seedling (i.e., number of mycorrhizae formed by each 
taxon divided by the total number of mycorrhizae on that 
seedling). These data were visualized using Nonmetric 
Multidimensional Scaling (NMDS) in R v.2.15.0, and com-
pared using a mixed-effect hierarchical multivariate permu-
tational ANOVA (Permanova; Anderson 2005). Pairwise 
post hoc tests were used to compare differences between all 
pairs of means when P < 0.05.

Results

Abiotic properties of microsites and plots

Soils collected with the seedlings differed in their chemi-
cal properties among plot and microsite treatments. When 
analyzed as a group, mineralizeable N, extractable ammo-
nium and nitrate, total C and N, and C:N differed between 
forest and clearcut samples (Table S1). Although none of 
soil properties differed by plot type when analyzed indi-
vidually, a combination of slightly higher mineralizeable 
N and available ammonium in forest soils (Fig. S1) seems 
to be responsible for the multivariate result. By contrast, 
whether analyzed as a group or individually, concentra-
tions of exchangeable Al, Ca, Na, K, Fe, Mg, and Mn, 
plus CEC, did not differ between forest and clearcut plots. 
None of the soil chemical properties differed between the 
two types of clearcut plots and nor did we detect a block 
effect (Table S1). As expected, total C was much greater 



1503Oecologia (2013) 173:1499–1511 

1 3

(eight-fold when untransformed values were considered) in 
decayed wood than in mineral soil microsites, but proxim-
ity to downed wood also resulted in a doubling of soil C as 
compared to mineral soil (Fig. 1). C:N ratios were almost 
four times higher in decayed wood than in either min-
eral soil microsites. Although mineralizeable N, available 
ammonium, and total N appeared to be highest in decayed 
wood and lowest in control mineral soil microsites, dif-
ferences were not significant after Bonferroni correction 
(P = 0.05/6 variables = 0.008). Of the base cations ana-
lyzed, exchangeable K and Mg were higher in decayed 
wood than control microsites (almost three-fold and four-
fold, respectively), but with a detectable increase also 
associated with the presence of downed wood (Fig. 2). As 
expected, the only cation that tended to be lower in decayed 
wood was the sole acid cation, Al.

Soil microclimate also varied between forest and 
clearcut and by microsite type over the 3-month growing 
season. Maximum daily soil temperature was higher in the 
clearcut plots than in the forest (P = 0.001, permutation 
multivariate ANOVA; Fig. S2a). In the forest, temperature 
was higher in decayed wood than in soil (P = 0.01). Within 
clearcut plots where wood had been retained, temperatures 
were lowest beside pieces of downed wood (P = 0.04), 
making these temperatures closest to those of forest soils.

Minimum daily soil moisture varied considerably among 
blocks because of elevation differences across the site 
(block P = 0.05, permutation multivariate ANOVA). When 
analyzed over the entire growing season, minimum daily 
soil moisture did not differ between forest and clearcut 
plots (P = 0.21) or among microsites across plot types 
(P = 0.66). Nevertheless, through much of the growing 

Fig. 1  a–c Mineralizeable and extractable nitrogen and d–f nitrogen 
and carbon status of substrate sampled from three microsite types 
within both forest and clearcut plots. Decayed decayed wood, downed 
mineral soil beside hard, downed wood, and Mineral control mineral 
soil >50 cm from downed wood. Raw data are presented in the figure, 
but all data were cube-root transformed for statistical analyses. P val-
ues are from univariate ANOVAs; lower case letters designate differ-
ences detected by Tukey HSD tests. Because of the non-independent 

nature of these variables, only P values <0.008 (Bonferroni correc-
tion = 0.05/6) represent significant differences among microsites. 
The boxes surrounding median values represent the first and third 
quartiles, while the whiskers show the smaller (and larger) of either 
the maximum (and minimum) vales or 1.5× the interquartile range 
(approximately ±2SD), n = 3. In the case of the latter, the outliers 
are plotted individually
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season, soil moisture appeared to be higher in decayed and 
downed wood microsites in the forest plots, compared to 
other microsites in forest or clearcut (Fig. S2b). By con-
trast, mineral soils in the forest remained drier and similar 
in moisture status to clearcut soils until late in the grow-
ing season. When the fall rains began (moderately on 20 
August 2008, and then heavily on 24 September 2008), the 
relationship among microsites changed such that soil mois-
ture in downed wood microsites in the clearcuts approached 
and exceeded that of forest soils.

Fungal community identification

A total of 121 spruce seedlings with active ectomycorrhi-
zae on their root systems were collected; the remaining 14 
were dead, dying, or not found upon sampling. Of 3,518 

root tips morphotyped (mean number of active EMF root 
tips per seedling = 27.2; SD = 21.0), 321 were submitted 
for molecular analysis, and 86.9 % of these were identified. 
The sequences clustered into 63 OTUs. Prior to rarifying 
the taxon richness, the overall mean number of taxa per 
seedling was 1.83; SD = 0.91.

Fungal DNA amplified from the ectomycorrhizae was 
primarily from EMF taxa; 44 EMF OTUs, 15 OTUs from 
fungi known or suspected of forming ectomycorrhizae or 
other mycorrhizal associations, or representing fungal 
groups known to contain mycorrhizal species, and only 4 
saprotrophic OTUs. The four known saprotrophs were not 
included in subsequent analyses. Thelephora terrestris, 
Amphinema byssoides, and Tylospora sp. 1 (likely T. aster-
ophora) made up the largest proportion of identified EMF 
colonizing spruce roots (Table S2). Subdominant EMF taxa 

Fig. 2  a–e Concentration of exchangeable cations and f cation 
exchange capacity in substrates sampled from three microsite types 
within both forest and clearcut plots. Decayed decayed wood, 
Downed beside hard, downed wood, and mineral control mineral soil 
>50 cm from downed wood. Raw data is presented in the figure, but 
all data was cube root transformed for statistical analyses. P values 
are from univariate ANOVAs; lower case letters designate differ-
ences detected by Tukey HSD tests. Because of the non-independent 

nature of these variables, only P values <0.006 (Bonferroni correc-
tion = 0.05/8) represent significant differences among microsites. 
The boxes surrounding median values represent the first and third 
quartiles, while the whiskers show the smaller (and larger) of either 
the maximum (and minimum) vales or 1.5× the interquartile range 
(approximately ±2SD), n = 3. In the case of the latter, the outliers 
are plotted individually
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included Tylospora sp. 2 (possibly T. fibrillosa), Russula 
sp. 2 (possibly R. aeruginea) and a member of the Pyrone-
mataceae (perhaps a Wilcoxina sp.).

Fungal community richness and evenness

A Coleman rarefaction curve of all EMF taxa successfully 
identified on seedlings sampled from all microsites at all 
plots approached an asymptote (Fig. S3). Estimated over-
all taxon richness was 66.7; SD = 4.6 (Jacknife1) across 
the site. Approximately twice as many EMF species were 
observed or estimated to occur in forest than clearcut plots, 
whereas microsite type did not affect EMF richness or 
evenness (Table 1). A significant block effect was detected 
for observed richness (data not shown).

Fungal community composition

Ectomycorrhizal fungal communities on root tips of spruce 
seedlings were structured primarily by plot type (Fig. 3), 
but with a significant interaction with block (Table 2). Dif-
ferent communities of fungi colonized seedlings planted 
in forest and clearcut plots, whereas communities in the 
two types of clearcut plots did not differ. Several fungal 
taxa were responsible for the differences between forest 
and clearcut communities. Tylospora sp. 1 occurred more 
often in forest plots than in CWD removal plots (P = 0.05), 
while Tylospora sp. 2 (P = 0.04) and Tylospora fibrillosa 
(P = 0.02) occurred only in forest plots, and were both 
indicator species for this plot type (P ≤ 0.05). By contrast, 
Thelephora terrestris was more abundant in clearcut than 

forest plots (P < 0.001) and was an indicator species for 
CWD retention plots (P = 0.003). Although multivari-
ate analyses did not detect differences in communities on 
seedlings between retention and removal clearcut plots 
(Table 2), univariate analyses on the relative abundances 
of individual taxa indicated that Amphinema byssoides 
was more abundant on seedlings in removal than retention 
plots (P = 0.02), and was a weak indicator species for the 
removal treatment (P = 0.06).

The EMF community did not differ among micro-
sites across the site (Table 2), and, while block by micro-
site interactions were detected, EMF communities 
within a block did not cluster by microsite (Fig. 3). The 
block × microsite (plot) interaction is strongly driven by 
the nesting of microsite in plot, but post hoc pairwise anal-
yses of Permanova results did not statistically support the 
patterns seen among microsites in some plot types in some 
blocks (Fig. 3). Indeed, examination of the relative abun-
dance of EMF species among microsites within plots and 
blocks reveals that these apparent patterns are not driven by 
the consistent detection of distinct EMF species in certain 
microhabitats, but by the many zeroes common in a com-
munity dataset (Table S3). In addition, and contrary to our 
expectations, decayed wood microsites in the clearcut plots 
were no more aligned with forest samples than they were to 
control microsites in their respective plots.

Fig. 3  Two-dimensional NMDS ordination of EMF species relative 
abundance in decayed wood, downed wood, and control mineral soil 
microsites within forest, CWD removal, and CWD retention plots, 
sampled at three blocks: A (circled), B (labeled), and C (circled). 
Stress for this Euclidean solution was 0.16. Each icon within a block 
represents the EMF community in one of the three microsite types 
from one plot type in that block, n = 3–5. Dashed line surrounds 
EMF communities from all microsite types in all three forest plots

Table 1  Rarefied observed (Sobs) and estimated (Jacknife1) taxon 
richness and taxon evenness (Shannon index)

Values represent means (SD) per plot or per microsite. All P values 
are based on ANOVA analyses (n = 3), and letters following numbers 
in each column indicate significant post hoc differences among means 
at P ≤ 0.05
a All microsites combined
b Across forest and clearcut plots

Sobs Jacknife1 Shannon 
index

Forest 16.7 (2.5) A 23.7 (2.8) A 2.3 (0.1) A

CWD retention 7.0 (4.4) B 9.0 (4.3) B 1.3 (0.6) B

CWD removal 8.0 (2.6) B 12.3 (3.7) B 1.6 (0.2) B

P plota 0.01 0.004 0.003

Mineral soil 12.0 (1.0) 16.6 (0.8) 1.8 (0.08)

Beside downed 
wood

12.3 (2.3) 16.3 (5.5) 1.9 (0.4)

Decayed wood 9.7 (0.6) 15.2 (3.0) 1.9 (0.3)

P micrositeb 0.87 0.66 0.16
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Discussion

We initiated this study to investigate the factors driving 
assembly of EMF communities in clearcuts. By plant-
ing seedlings in various microsites in both forests and 
clearcuts, we hoped to be able to distinguish the relative 
importance of stochastic versus deterministic processes. 
Our results support a role for dispersal limitation in struc-
turing EMF communities on young seedlings. The disper-
sal limitation arose both from differences in dispersal strat-
egies among species and differences in the distributions of 
species across the site. There was less evidence for niche 
partitioning by microsite than we expected, but this may 
have been because of restricted colonization potential by 
such young seedlings.

Differences in the EMF community between  
forest and clearcuts

We had expected the clear distinction observed between 
EMF communities in both forest and clearcut plots. Our 
results agree with a well-known pattern wherein EMF spe-
cies composition of the two communities always differs, 
even though EMF diversity may be higher or lower in for-
ests than clearcuts (Jones et al. 2003 and references therein; 
Ding et al. 2011). In our case, EMF species richness was 
higher on seedlings planted in forests, with Amphinema 
byssoides and Thelephora terrestris emerging as the most 
abundant EMF species in clearcut plots, and Tylospora spp. 
occurring more often in forest plots. These differences in 
abundance seem to reflect differences in dispersal strategies 
among the three EMF taxa. A. byssoides and T. terrestris 
are dominant pioneer species on a range of hosts in these 
subalpine (Hagerman et al. 1999; Jones et al. 2002, 2009) 
and other temperate forests (Kranabetter and Friesen 2002; 
Hagerman and Durall 2004). Their abundance on nursery 
seedlings grown in sterile substrates (Kernaghan and Khasa 
2003; Rudawska et al. 2006) indicates that they can dis-
perse and colonize effectively from air-borne spores. Thel-
ephora terrestris is also able to colonize from a persistent 

spore bank (Kranabetter and Friesen 2002). With these dis-
persal strategies, which do not rely on vegetative spread of 
hyphae from mycorrhizal roots of neighboring hosts, it is 
not surprising that A. byssoides and T. terrestris were domi-
nant colonizers in the clearcut plots.

Tylospora spp. are common mycorrhizal symbionts in 
mature spruce forests in both North America and Europe 
(e.g., Flynn et al. 1998; Wallander et al. 2010), occurring on 
both seedlings and mature trees (Palfner et al. 2005) and in 
a range of substrates (Tedersoo et al. 2008). Less is known 
about their dispersal strategies; however, to our knowledge, 
they have not been observed on spruce seedlings in nurser-
ies or disturbed environments such as very recent clearcuts, 
suggesting that they are not especially effective at coloniz-
ing from air-borne spores. Furthermore, the presence of T. 
asterophora only on spruce seedlings that had access to 
roots of mature trees (Tedersoo et al. 2008) indicates that 
root-to-root spread was the dominant form of dispersal for 
this species in Estonian forests. Although Tylospora spp. 
have been able to colonize the roots of 12-year-old saplings 
in the clearcuts at Sicamous Creek (Walker et al. 2012), our 
data indicate that Tylospora spp. are ineffective competi-
tors with T. terrestris and A. byssoides for colonization of 
roots of young seedlings when dispersing from spores or 
resistant propagules. These differences in dispersal strat-
egy likely explain differences in the EMF communities 
observed in the spruce seedlings in clearcuts and forest 
plots.

Although recent clearcuts can differ in microclimate 
and soil chemistry from established forests (Hannam and 
Prescott 2003; Wall 2008), such differences did not appear 
to play a role in partitioning species between clearcut and 
forest communities in this study. Most studies that report an 
effect of increased inorganic N, especially nitrate, are per-
formed on very recent clearcuts. Approximately 15 years 
after harvest, differences in soil chemistry between clearcut 
and forest soils at Sicamous Creek were almost undetect-
able (this study). Microclimate did differ, however. Soils 
were warmer through the growing season and tended to 
be drier, depending on microsite. Nevertheless, the high 

Table 2  Permutational 
multivariate analysis of EMF 
root tip relative abundance 
(Permanova v1.6)

Block has 3 levels and is a 
random factor, Plot has 3 
levels and is a fixed factor, and 
Microsite—which also has 3 
levels and is a fixed factor—is 
nested in Plot. A Bray–Curtis 
dissimilarity analysis was 
chosen with 999 permutations

df Sum of squares Mean squares F value P value 
(Monte Carlo)

Block 2 28,969 14,484 5.2 0.001

Plot 2 32,887 16,443 1.8 0.067

Microsite (plot) 6 42,646 7,107 0.93 0.59

Block × plot 4 36,333 9,083 3.3 0.001

Block × microsite  
(plot)

12 91,241 7,603 2.7 0.001

Residuals 81 225,956 2,789

Total 107 458,034
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relative abundance of Tylospora spp. on roots of 12-year-
old spruce saplings growing in the clearcuts (Walker et al. 
2012) indicates that soil microclimate did not restrict Tylo-
spora spp. to forest environments, and further supports 
our conclusion that poorly effective dispersal from spores 
limits colonization by Tylospora spp. in clearcuts over the 
short term.

Lack of niche partitioning by ectomycorrhizal fungi among 
microsites

The decayed wood, downed wood, and control micro-
sites at Sicamous Creek differed considerably in nutrient 
content and microclimate (this paper. and J.M.K. Walker, 
unpublished). If, as concluded by Bruns (1995) and others 
(Parrent et al. 2010; Koide et al. 2011), niche partitioning 
among substrates shapes EMF communities, these micro-
sites would be expected to support different EMF commu-
nities. Nevertheless, in this high elevation forest, the EMF 
colonizing young planted spruce seedlings did not vary 
with microsite. We were surprised by this result, as oth-
ers have found clear differences among EMF communi-
ties sampled from microsites, including decayed wood, in 
mature forests (Goodman and Trofymow 1998; Tedersoo 
et al. 2003; Iwánski and Rudawska 2007). Specifically, sev-
eral studies (Goodman and Trofymow 1998; Tedersoo et al. 
2003, 2008; Elliott et al. 2007; Iwánski and Rudawska 
2007) found an abundance of Thelephoroid and Atheliod 
mycorrhizae associated with decomposed logs. While these 
groups represented the most dominant EMF detected in our 
studies, they were no more abundant in decayed wood than 
in mineral soil.

Limited dispersal of decayed-wood specialists from 
the forest, combined with a lack of niche specialization in 
ruderal EMF species, could explain the lack of microsite-
specific EMF communities in the clearcuts. As discussed 
above, one group of EMF commonly found in decayed 
wood, Tylospora spp. (Tedersoo et al. 2003, 2008), seems 
to migrate only slowly from mature forests into clearcuts. 
Furthermore, the powerful influence of experimental block 
on EMF communities across the site suggests that dispersal 
limitation may well have prevented some fungi from colo-
nizing seedlings in other parts of the site. Clearcut domi-
nants, such as T. terrestris and A. byssoides, can be labeled 
as ruderal species because of their facile dispersal and 
establishment from spores in disturbed environments. In 
general, ruderal species are considered to be more homo-
geneous in their functional traits compared to competitive 
species (Grime 1977). Certainly, Barker et al. (2013) found 
remarkably similar EMF communities on 1- to 2-year-old 
Douglas-fir seedlings regenerating after stand-destroying 
wildfire and clearcut timber harvest, even though the nutri-
ent status of the two soils differed considerably. Clearcut 

logging may have a homogenizing effect on EMF commu-
nities, as it does on plant communities (Brewer et al. 2012).

The same arguments cannot explain the results in forest 
plots, however. Dispersal was unlikely to limit colonization 
of seedlings by substrate specialists in forest plots because 
roots of mature trees, together with their fungal symbionts, 
were common in decayed logs. Over two growing seasons, 
even in the low temperature soils of this subalpine forest, 
we would expect hyphae of decayed-wood specialists to be 
able to reach and colonize seedling root tips. In addition, 
given the possibility for vegetative spread of hyphae from 
existing hosts to the seedlings (Tedersoo et al. 2008), we 
would not classify the fungal community on seedlings in 
the forest as ruderal (Deacon and Fleming 1992). Overall 
then, we reject the idea that any restriction in dispersal of 
substrate specialists contributed to our results. Instead, we 
propose that the young age and size of the bioassay seed-
lings acted as a filter to restrict colonization to a subset of 
the available pool of EMF, specifically those fungi with 
lower carbon demands. In a classic study, Gibson and Dea-
con (1988) found that EMF species stratified their coloni-
zation of birch root tips depending on the age of the root 
region, with some species colonizing only young roots. Fur-
thermore, species colonizing younger parts of the root sys-
tem, and/or those able to colonize from spores, appeared to 
require less carbon to grow and colonize than did other spe-
cies (Gibson and Deacon 1990). Druebert et al. (2009) con-
firmed that restricting the carbon supply to roots restricted 
the number of EMF species able to colonize beech roots. 
This may be especially relevant for P. engelmannii because, 
unlike many other tree species, P. engelmannii seedlings 
from Sicamous Creek did not increase their photosyn-
thetic activity under increased irradiance, instead retain-
ing fixed carbon above ground (McKinnon and Mitchell 
2003). Although seedlings in forests can become part of 
mycorrhizal networks with older trees (Beiler et al. 2010), 
thereby having some of the carbon needs of the fungus met 
by those other hosts (Wu et al. 2001), forest seedlings are 
still only colonized by a subset of the EMF found on the 
mature trees that surround them (Jonsson et al. 1999). This 
reduced species pool may be less likely to contain substrate 
specialists. In agreement with this hypothesis, Christy et al. 
(1982) and Jones et al. (2009) found no differences in the 
EMF communities on the roots of 1-year-old seedlings 
of Tsuga heterophylla or P. engelmannii seedlings grow-
ing in decayed wood versus mineral soil. Although differ-
ences in EMF communities have been detected on roots of 
young seedlings growing in decayed wood versus mineral 
soil substrates, these have sometimes been confounded by 
extreme differences between substrates (e.g., >3 pH units 
in Baier et al. 2006) or continual disturbance (e.g., erosion 
and flooding of mineral soil microsites in Tedersoo et al. 
2008). EMF communities in forest types that commonly 
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experience frequent and drastic perturbations (e.g., boreal 
forests, where most seedlings establish naturally after wild-
fire) have been shown to vary among microsites (Iwánski 
and Rudawska 2007), but in general, EMF communities on 
young seedlings growing in long-lived wet temperate for-
ests, appear to be more uniform (e.g., Christy et al. 1982; 
Jones et al. 2009; this study).

Role of coarse woody debris in structuring EMF 
communities

In addition to the expectation that forest microsites would 
contain specialized EMF communities, we also expected 
that decayed wood in the clearcuts would retain species 
of EMF already colonizing it prior to clearcutting. This 
is the ‘legacy’ property attributed to downed and decayed 
wood by Molina et al. (2010). Fourteen years post-harvest, 
we found that nutrient availability was generally lower 
in clearcut plots than forest plots, but that downed and 
decayed wood microsites within the clearcuts had nutri-
ent levels similar to those of forest soils. Furthermore, 
soils adjacent to downed wood on clearcuts were cooler 
than mineral soils, making them more similar to microcli-
mates in forests. Nevertheless, even though microclimates 
created by the woody microsites in clearcuts were similar 
to conditions in the forest, EMF communities in decayed 
wood microsites in clearcuts were no more similar to forest 
communities than they were to the other microsite types in 
clearcuts.

Although we did not observe unique EMF communities 
in the decayed wood in this study, we suggest that over the 
medium and long term, retaining coarse woody debris in 
clearcuts will influence the development of EMF communi-
ties in or near the logs. Earlier studies have found that more 
unique communities of EMF develop in decayed wood in 
older seedlings than the ones studied here (Christy et al. 
1982; Tedersoo et al. 2008). Furthermore, coarse woody 
debris can retain (Wall 2008) and accumulate (Preston 
et al. 2012) N as well as mineral elements such as calcium 
(Shortle et al. 2012). Our findings indicate that changes in 
edaphic conditions due to retention of post-harvest woody 
debris are detectable after almost 15 years, and that reten-
tion of large downed wood and its subsequent decay pro-
vide microsites that create forest-like habitat inside drier, 
hotter, and nutrient-depleted clearcut plots.

Conclusion

We found evidence for both stochastic and deterministic 
processes influencing the composition of EMF communi-
ties on young, planted spruce seedlings, but with some 
surprising aspects. Specifically, fine-scale differences in 

substrate type did not affect community assembly. Instead, 
the geographic location on the site significantly affected 
the EMF communities, suggesting that the species pool 
available to colonize seedlings varied across the site and 
that, at scales of tens of hectares, stochastic processes 
were influential. Within each 30-ha treatment unit, a dif-
ference in dispersal strategy among fungal species, which 
is deterministic because it favours differential coloniza-
tion in sites with or without a high density of EMF hosts, 
appeared responsible for distinct forest and clearcut com-
munities. We hypothesize that colonization by generalized 
ruderal species in the clearcuts, combined with a restricted 
pool of EMF able to colonize these very small seedlings in 
both forest and clearcut plots, contributed to the surprising 
lack of niche partitioning among microsites influenced by 
downed wood over the short or long term. Nevertheless, 
we were able to detect significant differences in soil nutri-
ent status and microclimate among microsites and expect 
that niche-specific communities will develop there in older 
hosts. Consequently, we expect retention of coarse woody 
debris after clearcut logging to increase the diversity of 
the EMF community at the hectare scale as this forest 
re-establishes.
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