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Abstract: Surface mining in the Canadian boreal forest involves the removal of vegetation and soils, resulting in the local loss
of biodiversity and ecosystem functioning. Ectomycorrhizal (EM) fungi are critical to ecosystem processes; however, their
recovery following reclamation is not well understood. This study investigated the importance of reclamation cover soils (forest
ﬂoor material, peat, and subsoil) and tree seedling species (Populus tremuloides Michx., Pinus banksiana Lamb., and Picea glauca
(Moench) Voss) in structuring the community composition of EM fungi. We used 1-year-old seedlings to assay cover soils in the
ﬁeld for 3 months, and grew seedlings in each of the cover soils in a growth chamber assay for 5 months. Nonmetric multidimensional scaling indicated host identity structured the community composition of EM fungi in the ﬁeld, while both host
identity and cover soil inﬂuenced the composition of EM fungi in the growth chamber. However, pre-colonization of seedlings
by nursery fungi complicates interpretation of ﬁeld results. The rate of EM fungus colonization of seedlings collected across both
assays was relatively low, approximately 23%. Our results indicate cover soils used in reclamation of surface-mined landscapes
retain propagules of EM fungi, and using a wide variety of tree species in upland boreal forest restoration may increase the
diversity of EM fungi recovered.
Key words: Populus tremuloides, Pinus banksiana, Picea glauca, ITS rDNA, Sanger sequencing, reclamation, plant–soil links.
Résumé : L’exploitation minière de surface dans la forêt boréale canadienne implique l’ablation de la végétation et des sols
résultant en une perte locale de la biodiversité et du fonctionnement de l’écosystème. Les champignons ectomycorhizes (EM)
sont critiques aux processus de l’écosystème ; cependant leur rétablissement à la suite de la réhabilitation du terrain n’est pas
bien compris. Cette étude s’est penchée sur l’importance de la réhabilitation des sols de surface (matière du tapis forestier,
tourbe et sous-sol) et des espèces de semis d’arbres (Populus tremuloides Michx., Pinus banksiana Lamb. et Picea glauca (Moench) Voss)
dans la structuration de la composition de la communauté des champignons EM. Les auteurs ont utilisé des semis âgés d’un an
pour tester les sols de surface sur le terrain pendant 3 mois, et ils ont cultivé les semis sur chacun des sols de surface lors d’un
test en chambre de croissance pendant 5 mois. Une mise à l’échelle multidimensionnelle non métrique a indiqué que l’identité
de l’hôte structurait la composition des champignons EM sur le terrain, alors que l’identité de l’hôte et le sol de surface
inﬂuençaient la composition des champignons EM dans les chambres de croissance. Cependant, la pré-colonisation des semis par
des champignons de pépinière complique l’interprétation des résultats sur le terrain. Le taux de colonisation des semis par les
champignons EM récoltés à travers les deux tests était relativement faible, soit approximativement 23 %. Les résultats des auteurs
indiquent que les sols de couverture utilisés en réhabilitation des terrains miniers de surface conservent des propagules de
champignons EM, et que l’utilisation d’une grande variété d’espèces d’arbres pour la restauration de la forêt boréale située en
hauteur peut accroître la diversité des champignons EM récupérés. [Traduit par la Rédaction]
Mots-clés : Populus tremuloides, Pinus banksiana, Picea glauca, ADNr de l'espaceur transcrit interne, séquençage de Sanger, réhabilitation, liens végétal–sol.

Introduction
Surface mining, a relatively new disturbance in the Canadian
boreal forest, involves the removal of vegetation and soils, resulting in the local loss of biodiversity and ecosystem functioning.
Prior to accessing the target resources, the organic and upper
mineral soil horizons are selectively salvaged and either stored in
stockpiles or directly transferred to areas ready to be reclaimed. In
Alberta, Canada, mine operators on public lands are required to
reclaim land to be self-sustaining and of equivalent capability (i.e.,
land-use activities) as what existed previously (Alberta Environment
1999). Towards this requirement, restoration of ecosystem processes

presents a unique challenge because many components (e.g., hydrology, soils, and vegetation) must be considered. In particular,
restoring the biological linkages between aboveground vegetation
and belowground soil organisms is important for re-establishing
plant–soil feedbacks that are critical to the functioning of ecosystems as a whole (Kardol and Wardle 2010).
In boreal forests, symbioses are common between ectomycorrhizal (EM) fungi and roots of most trees species, which facilitate
nutrient and water uptake from the soil at the tree level and
contribute to nutrient and carbon cycling at the ecosystem level
(Read et al. 2004; van der Heijden et al. 2008; Courty et al. 2010).
Restoring these symbioses may promote tree survival and growth,
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as these long-lived plants are likely to encounter stress during
their lifetime; for example, inoculation of tree seedlings with EM
fungi has been performed since the 1970s in mine reclamation to
improve seedling growth and survival (Marx 1975). However, the
need for inoculation may be avoidable if extra effort is made to
protect soils and the propagules within. Although the ectomycorrhizas formed between trees and fungi are lost through vegetation removal with mine disturbance, resistant propagules (EM
inoculum) may survive in salvaged soils, depending on the time
since disturbance and the handling techniques of soils. There are
four factors likely to affect the species and abundance of fungi
comprising EM inoculum present in reclaimed soils: (i) initial differences in the species of fungi present in salvaged soils, (ii) vegetation selected for re-establishment, (iii) abiotic conditions of
reclaimed sites, and (iv) EM fungus immigration. Both initial stand
composition and soils supporting those stands (i.e., the origin of
the EM fungus inoculum) will inﬂuence the inoculum potential of
salvaged soils (Hagerman and Durall 2004; O’Brien et al. 2011). The
species of tree seedlings selected for afforestation of reclaimed
areas may also affect the composition of the EM community; some
EM fungi exhibit strong host preference (Molina et al. 1992;
Massicotte et al. 1999; Izzo et al. 2006; Ishida et al. 2007; Tedersoo
et al. 2008). Moreover, interactions between soils and host may be
indicative of the importance of particular combinations of each,
giving rise to variation in inoculum potential. Once salvaged soils
have been placed, environmental stress often associated with reclaimed areas may also inﬂuence EM fungus inoculum potential.
Soils of reclaimed areas may have low moisture and nutrient availability, high acidity, and high salinity (Bussler et al. 1984; Andersen
et al. 1989; Cassleman et al. 2006), and species of EM fungi have been
shown to vary in their sensitivity to such variables (Gehring et al.
1998; Swaty et al. 1998; O’Dell et al. 1999; Kjøller and Clemmensen
2009; Jones et al. 2012). Following soil placement, immigration of
propagules may also inﬂuence the composition of EM communities.
Surrounding intact boreal forest may be a source of EM fungus spores
capable of air (Peay et al. 2012) or animal dispersal (Ashkannejhad
and Horton 2006; Frank et al. 2006).
Of the factors inﬂuencing EM fungus inoculum potential of
reclaimed areas, two stand out as being most easily controlled by
restoration ecologists: the selection of hosts and cover soils. Selecting appropriate host – cover soil combinations may capture a
range of EM fungus species that will be important for promoting
seedling establishment and survival in reclaimed areas. Towards
this goal, the Aurora Soil Capping Study was constructed in 2012
to test the effects of cover soil type, conﬁguration, and depth on
seedling performance. The study is a replicated ﬁeld experiment,
located in the Athabasca oil sands region of northern Alberta,
designed to test various reclamation protocols at an operational
scale. In the current study, we tested the inoculum potential of
three locally salvaged materials used as cover soils (peat, forest
ﬂoor material (FFM), and subsoil) over one growing season in both
ﬁeld and growth chamber assays using seedlings of three common boreal tree species: Populus tremuloides Michx., Pinus banksiana
Lamb., and Picea glauca (Moench) Voss. Across the ﬁeld and growth
chamber assays, we asked: (i) Are EM fungi present and viable in
each of the cover soils? (ii) Do EM communities exhibit structure
that suggest the presence of host-speciﬁc taxa and, similarly, do
cover soils inﬂuence EM communities in ways that suggest taxa
with preferential afﬁnities?
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Methods

in northern Alberta falls within the Central Mixedwood subregion
of the Canadian boreal forest (Natural Regions Committee 2006).
The general landscape of this region is undulating, with forests
occurring in uplands, and bogs and fens in the lowlands and depressions. Upland forests in this region consist predominantly of
Picea glauca, Pinus banksiana, and Populus tremuloides, and soils tend
to be of the Luvisolic or Brunisolic orders, which typically contain
a thin eluvial A horizon, a well-deﬁned Bt or Bm horizon, and an
underlying C horizon. Bogs are dominated by Picea mariana Britton,
Sterns & Poggenb., and fens are dominated by Picea mariana and Larix
laricina (Du Roi) K.Koch. The soils are poorly to very poorly drained
and accumulate organic matter (peat). Salvaged peat is often used as
an organic amendment in reclamation due to its abundance on this
landscape.
The capping study (Fig. A1) covers an area of 36 hectares and was
designed to test different cover soil conﬁgurations and depths to
cap an overburden (material below the soil proﬁle and above the
ore deposit) disposal area. All cover soils were salvaged from
within the Aurora North mine lease; speciﬁcally the upland material (forest ﬂoor material and subsoil) were salvaged from forests dominated by Pinus banksiana, and the peat was salvaged from
lowland forests dominated by Picea mariana. All cover soils were
salvaged and directly placed (e.g., no stockpiling or storage of
materials) onto the research site during the winter prior to tree
planting, which occurred in the spring of 2012 (described below).
The directly placed soils were moved during the winter to minimize disturbance to soil structure and biota, such as EM fungus
and plant propagules. Cover soils included peat salvage (surface to
approximately 200 cm), upland FFM salvage (surface to depth of
approximately 15 cm), and a blended mineral subsoil that included B and C soil horizons (approximately 50–100 cm soil depth;
North Wind Land Resources Inc. 2013). Textural and chemical
characteristics were independently assessed by North Wind Land
Resources Inc. by subsampling each material immediately following placement. Peat material (n = 84) was free of sand, silt, and
clay, and had a mean pH of 7.4 (min. 5.0, max. 7.8) and a mean
electric conductivity (EC) of 1.2 dS·m−1 (min. 0.4, max. 2.3). FFM (n =
48; 92% sand, 4% silt, 4% clay) had a mean pH of 5.6 (min. 4.9, max.
7.1) and a mean EC of 0.2 dS·m−1 (min. 0.1, max. 0.6). Blended B–C
subsoil material (n = 84; 95% sand, 2% silt, 5% clay) had a mean pH
of 7.2 (min. 6.2, max. 7.9) and a mean EC of 0.2 dS·m−1 (min. 0.1,
max. 0.7) (North Wind Land Resources Inc. 2013). Each cover soil
treatment (1 ha each) was replicated three times; each containing
three 25 m × 25 m single-species tree plots. In May 2012, singlespecies plots were planted with 1-year-old commercially grown
container seedling stock of Populus tremuloides with a plug diameter of 6 cm and depth of 15 cm, Picea glauca (plug diameter 6 cm,
depth 15 cm), or Pinus banksiana (plug diameter 4 cm, depth 12 cm).
Seedlings were grown at Smoky Lake Forest Nursery (Smoky Lake,
Alberta) from a mixture of open-pollinated seed collected from
several populations in the Fort McMurray region. Based on a subsample of 20 seedlings, the initial mean (±SE), seedling height
prior to outplanting was 30 ± 1.9 cm, 18 ± 0.6 cm, and 29 ± 1.2 cm for
Populus tremuloides, Pinus banksiana, and Picea glauca, respectively. All
tree plots were planted with 1 m spacing (10 000 stems per hectare). Daily air temperatures at the capping study for 2012, the year
of sampling, ranged between 34.6 °C and 6.3 °C for the growing
season (June to August; high to low; data collected by O’Kane
Consultants). Cumulative precipitation for the 2012 growing season (June–August) at the capping study was 90.1 mm, the majority
of which occurred throughout June and the beginning of July
(data collected by O’Kane Consultants).

Site description
The Aurora Soil Capping Study (denoted “capping study”
herein) is located within the Aurora North mine (57°19=20==N,
111°30=24==W) on the lease of Syncrude Canada Ltd., approximately
75 km north of Fort McMurray, Alberta. Oil sands surface mining

Field assay of EM fungi
To characterize the initial recovery of EM fungi in soils following reclamation, we surveyed roots of planted seedlings for EM
fungus associations in two stages. First, at the time of planting, we
randomly selected 20 seedlings of each tree species to assess EM
Published by NRC Research Press
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fungi present on roots formed during nursery production. Second, in late August 2012, after a full growing season, we harvested
a total of 10 seedlings per species ranging from three to four
subsamples from the single-species plots within each replicate of
three selected cover soil materials (peat, FFM, and subsoil, n = 3).
Seedlings were chosen systematically to ensure an even distribution in terms of visual size and health status. Once harvested,
roots were separated from shoots and kept on ice until arrival at
the University of Alberta where roots were stored at −20 °C until
processing.
Growth chamber assay of EM fungi
To test the EM inoculum potential of the cover soils, we germinated seeds of the three host tree species in the cover soils in a
growth chamber assay. We collected approximately 140 L of each
cover soil from the same tree plots used in the ﬁeld assay. These
soils were immediately transported to the University of Alberta
where they were pooled and homogenized. Samples of each cover
soil were distributed onto a tarp and mixed manually for approximately 10–15 min using shovels and rakes. Homogenized cover
soils were then stored at 4 °C for approximately 2 months until
the start of the experiment. There were a total of 180 pots in this
study. We ﬁlled 30 2L pots with each of the cover soils (peat, FFM,
subsoil) for a total of 90 pots. To assess potential growth chamber
contamination, we ﬁlled an additional 30 pots each with previously sterilized cover soils. Sterilization was achieved by heating
cover soils to 121 °C at 103.4 kPa twice for 2 h, with a 24 h rest in
between. Prior to potting, all pots were sterilized with Kleengrow
disinfectant (Pace Chemicals Inc., Burnaby, British Columbia)
and lined with window screen to prevent substrate loss during
watering.
For the growth chamber assay, we used seeds of the same host
species (Picea glauca, Pinus banksiana, and Populus tremuloides) and the
same seed source which had been used to grow the seedling stock for
the ﬁeld assay of the capping study. Seeds of Pinus banksiana were
stratiﬁed by soaking in water for 24 h at 4 °C, and afterwards placed
on moist ﬁlter paper at 4 °C for 3 weeks. Seeds of Picea glauca were
stratiﬁed by soaking in water for 24 h at 4 °C prior to planting, while
seeds of Populus tremuloides were directly seeded. All species were
initially germinated in sterilized generic potting soil (Sunshine
Professional Growing Mix; Sun Gro Horticulture Canada Ltd., Vancouver, British Columbia). Single Populus tremuloides seedlings were
transplanted to the experimental pots 2 weeks after germination,
while Pinus banksiana and Picea glauca seedlings were transplanted in
the same manner approximately 3–4 weeks after germination. Seedlings were arranged into ﬁve blocks rotated throughout the growth
chamber every 3 weeks to expose each block to the range of air
temperatures we knew to exist in the growth chamber. There were
36 pots in each block, in which each cover soil – tree species combination was represented twice. We randomly assigned the location of
each seedling within a block (using a random number generator),
and the locations were re-randomized with each rotation. All seedlings were fertilized (including those grown in sterilized cover
soils) at low rates to promote seedling survival while minimizing negative effects on EM development. Fertilization occurred
once immediately after transplanting with 1 g·L−1 of 10:52:10 (N:P:K)
and thereafter monthly with 1 g·L−1 of 15:30:15 (N:P:K). Air temperature in the growth chamber was kept between 17 and 21 °C throughout the experiment and photoperiod was set at 16 h with a light
intensity of 350 mol photons·m−2·s−1 (photosynthetic active radiation). Dormancy was induced after 5 months by reducing air temperature to 10–12 °C and light to 8 h for an additional 2 weeks before
seedlings were harvested (seedlings were approximately 22 weeks
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old at this time). At harvest, roots were stored at −20 °C before they
were assessed for ectomycorrhizas (see below).
Description of ectomycorrhizas — morphotyping
All roots were thawed overnight at 4 °C. Adhering soil and
debris was gently washed with tap water over a 1.2 mm sieve.
Cleaned roots were cut into approximately 1 cm fragments, placed
into a container (10 cm × 10 cm × 5 cm) ﬁlled with water, and
homogenized using forceps for approximately 45 s. After homogenization, we used forceps to subsample from three different locations within the container and placed the roots onto a large
petri dish ﬁlled with water for morphotyping. Entire root systems
were subsampled from seedlings grown in the growth chamber
assay; however, only lateral roots present outside the originally
planted root plug were sampled from ﬁeld seedlings, to target
those ectomycorrhizas formed after planting. To ascertain the
number of EM root tips required to adequately characterize the
diversity of EM fungi colonizing roots of seedlings, we did a preliminary survey on a subset of seedlings harvested from the ﬁeld.
We generated accumulation curves based on the observation of
750 randomly selected root tips for three seedlings per species
per treatment. Across all species, we generally found morphotype
richness to plateau before examining 200 root tips, therefore
we used this value for morphotyping the remaining seedlings
(Fig. A2).
Colonized root tips were morphotyped under a dissecting microscope on the basis of root tip texture and colour, followed by
further examination under a compound microscope for variation
in hyphal and mantle formations at 100× magniﬁcation (Agerer
2001). If available, samples of four to ﬁve root tips from each
morphotype per seedling were collected for DNA extraction.
Description of ectomycorrhizas — molecular analysis
Genomic DNA from two root tips representing each morphotype per seedling was individually extracted using Sigma
Extraction Solution and Neutralization Solution B following the
manufacturer’s protocol (Sigma, Gillingham, Dorset, UK). Nested
polymerase chain reaction (nested-PCR) ampliﬁcation was performed using the fungus speciﬁc primer combinations NLC2–
NSA3 and NSI1–NLB4 (Martin and Rygiewicz 2005). An aliquot of
1.0 L of extracted DNA was combined with PCR reactants (8.0 L
of Red Taq (Sigma–Aldrich, St. Louis, Missouri, USA), 5.4 L sterile
MilliQ H20, and 1.6 L of 10 mmol·L−1 primers), making up a 16 L
reaction. The ﬁrst round of ampliﬁcations (NLC2–NSA3) were performed with an initial denaturation at 95 °C for 5 min, followed by
30 cycles of 95 °C for 1.5 min, 67 °C for 1 min, and 72 °C for 1.5 min,
with a ﬁnal extension of 72 °C for 10 min. The second round of
ampliﬁcations (NSI1–NLB4) were performed with an initial denaturation at 95 °C for 5 min, followed by 27 cycles of 95 °C for
1.5 min, 55 °C at 1 min, and 72 °C at 1.5 min, with a ﬁnal extension
of 72 °C for 10 min. Gel electrophoresis using a 1% agarose gel was
used to visualize PCR products. Successful PCR products (55% success rate) were puriﬁed using ExoSAP-IT (USB, Cleveland, Ohio,
USA). Cycle sequencing was conducted using BIGDYE version 3.1
(Applied Biosystems, Foster City, California, USA) with NSI1 and
NLB4 primers, and the resulting products were precipitated
following the manufacturer’s instructions for EDTA/ethanol.
Bi-directional sequences were analyzed on an ABI Prism 3730 Genetic Analyzer (Applied Biosystems). Sequences were edited with
Geneious (Biomatters, Auckland, New Zealand). Nucleotides were
converted to Ns if they had phred scores below 15. The ends of
sequences were trimmed using an error probability of 3%. In Geneious (Biomatters), sequences across both experiments were
aligned using MUSCLE (alignment software) into operational taxonomic units (OTUs). Consensus sequences were queried against
the GenBank database using nBLAST. Sequences of OTUs identiﬁed were then submitted to GenBank for accession number
assignment (Table 1). Most matches came back as “uncultured
Published by NRC Research Press
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1.5%
1.5%
1.5%
1.5%
SH204354.06FU
SH227976.06FU
SH200120.06FU
SH220161.06FU
Tuber 1
Wilcoxina mikolae
Hebeloma hiemale
Thelephoraceae 2
852
889
864
811

921

92%
71%
94%
96%
1389
1126
1398
1234

99% (872/876)
95%

Data analysis
In the ﬁeld assay, seedlings collected within each of the singlespecies plots (three to four subsamples per cover soil) were pooled
(n = 3). Rates of EM fungus colonization and abundances were each
averaged. The growth chamber assay had a randomized complete
block design with 10 replicates. The experiment contained ﬁve
blocks of seedlings which were rotated throughout the growth
chamber every 3 weeks, removing the effect of blocking. There
was no effect of blocking when added to the model for all analyses, therefore all analyses were run without blocking as a factor.
All statistical analyses were performed using R (R Development
Core Team 2008). The effects of host species and cover soil on total
EM fungus percent colonization per seedling (i.e., the proportion
of root tips colonized of the 200 observed × 100) and abundance of
each OTU per seedling (i.e,. the proportion of root tips colonized
by each OTU of the 200 observed root tips × 100), were tested using
analysis of variance (ANOVA) following a general linear model
approach when assumptions were met, and a permutation ANOVA
when assumptions were not met (Wheeler 2010). If main effects
were signiﬁcant, post-hoc tests were performed using Tukey’s
honestly signiﬁcant difference test. To visualize the community
composition of EM fungi in relationship with seedling host and
(or) cover soil, we used nonmetric multidimensional scaling
(NMDS) using the metaMDS procedure from the vegan package in
R (Oksanen 2013), with a random starting conﬁguration, a stability criterion of 0.0005, the Bray–Curtis distance measure, and two
default standardizations: a square root transformation to deal
with the large data counts, and the Wisconsin-style double standardization to normalize data into maximum percent abundance.
The ﬁeld data set required ﬁve runs, while the growth chamber
data set required three. Graphs were made using the ﬁrst two
dimensions with species vectors added at a maximum p value of
0.001. For inclusion of uncolonized seedlings in the NMDS, all EM
fungus species abundances were transformed by the addition of a
randomly selected positive value (1.5) maintaining distance relationships among treatments.

Results

KC965209.1
GQ267499.1
KF296921.1
KC966038.1

Host preference of EM fungi recovered from the ﬁeld assay

KJ938040
KJ938035
KJ938032
KJ938037

Uncultured ectomycorrhiza
(Thelephora)
Uncultured fungus clone
Wilcoxina mikolae voucher
Uncultured fungus clone
Uncultured fungus clone
KJ938031

KC96595.1
FJ554251.1
KJ938039
KJ938033

EF218819.1

1566

99% (779/785)
99% (632/636)
98% (802/818)
95% (747/787)

1.5%
SH195956.06FU

1.5%
1%
SH196545.06FU
SH086837.06FU

Cenococcum 1
Rhizopogon rubescens var.
pallidimaculatus
Thelephoraceae 1
695
896
93%
86%
1148
1303

99% (646/651)
98% (755/772)

1%
SH133496.06FU
Amphinema byssoides
843
99%
EF218741.1

Uncultured ectomycorrhiza
(Amphinema)
Uncultured fungus
Uncultured Rhizopogon clone
KJ938030

1474

99% (829/837)

UNITE species
hypothesis number
UNITE species
hypothesis
Query
length
Query
cover
Hit
accession No.
BLAST closest
match

Maximum
score

Percent
identity

EM fungus”, therefore sequences of fungus OTUs were queried
against the UNITE database and given identities based on distance
to closest species hypothesis match given a 97%–99% similarity
(Table 1; Kõljalg et al. 2013).

Genbank
accession No.

Table 1. Closest nucleotide BLAST and UNITE species hypothesis of consensus sequences submitted to GenBank.
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Presence of EM fungi on nursery seedlings prior to outplanting
Fifteen percent of Populus tremuloides, 15% of Pinus banksiana, and
40% of Picea glauca seedlings subsampled from the nursery stock
were colonized by EM fungi. Two OTUs were identiﬁed from two
observed morphotypes: Amphinema byssoides (Pers.) J. Erikss. and one
species belonging to Thelephoraceae (Thelephoraceae 1). Thelephoraceae 1 occurred on roots of Populus tremuloides and Pinus banksiana seedlings, while A. byssoides occurred on roots of Picea glauca
seedlings (Tables 1 and 2).
Presence of EM fungi across cover soils
After seedlings grew for one season at the capping study, six
OTUs were identiﬁed from seven observed morphotypes (two of
which matched those found prior to outplanting; see Table 2):
A. byssoides, Hebeloma hiemale (uncertain naming status), Rhizopogon
rubescens var. pallidimaculatus A.H. Sm., Thelephoraceae 1, and
Wilcoxina mikolae (Chin S. Yang & H.E. Wilcox) Chin S. Yang & Korf.
One morphotype was identiﬁed as belonging to multiple species, typically Cenococcum spp. and a species of Meliniomyces; therefore, it was referred to as “Cenococcum-like fungus” for this assay.
Across all hosts and cover soils, A. byssoides was the most abundant
EM fungus occurring on 100% of Picea glauca seedlings. Thelephoraceae 1 and Rhizopogon rubescens var. pallidimaculatus was found
Published by NRC Research Press
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Table 2. Occurrence of ectomycorrhizal (EM) fungi (i.e., percentage of seedlings colonized) on nursery grown seedlings of Populus tremuloides, Pinus banksiana, and Picea glauca before (n = 10) and after outplanting in three reclamation
cover soils (forest ﬂoor material (FFM), peat, subsoil) in a ﬁeld assay (n = 3).
Populus tremuloides
EM taxon
Amphinema byssoides
Rhizopogen rubescens
var. pallidimaculatus
Thelephoraceae 1
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Wilcoxina mikolae
Hebeloma hiemale
Cenococcum-like fungus

Pinus banksiana

Picea glauca

Sample
period

FFM

Peat

Subsoil

FFM

Peat

Subsoil

FFM

Peat

Subsoil

Before
After
Before
After
Before
After
Before
After
Before
After
Before
After

0%
0%
0%
0%
15%
0%
0%
0%
0%
90%
0%
7%

0%
0%
0%
0%
0%
0%
0%
0%
0%
100%
0%
1%

0%
0%
0%
0%
0%
0%
0%
0%
0%
80%
0%
2%

0%
0%
0%
60%
15%
40%
0%
0%
0%
0%
0%
4%

0%
0%
0%
20%
0%
40%
0%
10%
0%
0%
0%
0%

0%
0%
0%
100%
0%
20%
0%
20%
0%
0%
0%
4%

40%
50%
0%
0%
0%
0%
0%
10%
0%
0%
0%
6%

0%
60%
0%
0%
0%
0%
0%
20%
0%
0%
0%
1%

0%
50%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

on 78% and 67% of Pinus banksiana seedlings, respectively. Hebeloma
hiemale occurred on roots of all Populus tremuloides seedlings.
Cenococcum-like fungus occurred on 100% of Populus tremuloides seedlings and 78% of Pinus banksiana and Picea glauca seedlings. Wilcoxina
mikolae was found on 44% of Pinus banksiana seedlings and 33% of
Picea glauca seedlings. Mean (±SE) EM fungus colonization per seedling was 23% ±16.9% and was not inﬂuenced by host, cover soil, or
their interaction (minimum p = 0.16).
Nonmetric multidimensional scaling indicated that abundances
of EM fungi were inﬂuenced by host species rather than cover soil
(Fig. 1a). Host identity drove the abundance of A. byssoides, Thelephoraceae 1, R. rubescens var. pallidimaculatus, and H. hiemale, while
cover soil type inﬂuenced the abundance of Cenococcum-like fungus
(Table 3; Table A1). Most fungi were speciﬁc to hosts. For instance,
A. byssoides was found exclusively on Picea glauca, Thelephoraceae 1
and R. rubescens var. pallidimaculatus on Pinus banksiana, and H. hiemale
on Populus tremuloides. Cenococcum-like fungus was more abundant on
seedlings grown in FFM compared with peat or subsoil regardless of
species (Table 3). There was no effect of host or cover soil on the
abundance of W. mikolae (Table A1).

of Populus tremuloides and 3% of Picea glauca seedlings. EM fungus
colonization was not affected by host, cover soil, or their interaction (23 ± 2.7%; minimum p = 0.24).
Nonmetric multidimensional scaling indicated abundances of
EM fungi were driven by host species and cover soil depending on
the OTU (Fig. 1b). Cover soil affected the abundance of Tuber 1
(Table A2); host and cover soil affected the abundance of
H. hiemale, and Thelephoraceae 2, (Table A2), and the abundance of
Cenococcum 1 was inﬂuenced by an interaction between host and
cover soil (Table A2). More speciﬁcally, Tuber 1 and H. hiemale were
more abundant on seedlings grown in peat than in FFM and subsoil (Table 4), while Thelephoraceae 2 and Cenococcum 1 were more
abundant on seedlings grown in FFM than in peat (Table 4).
Cenococcum 1 was found only on Picea glauca seedlings grown in FFM and
was also more abundant on seedlings grown in FFM than in subsoil (Table 4). Hebeloma hiemale was more abundant on Picea glauca
than on Pinus banksiana or Populus tremuloides seedlings (Table 4).
The extent of colonization of Thelephoraceae 2 was similar for
Populus tremuloides and Pinus banksiana seedlings.

Host and cover soil preference of EM fungi recovered from
the growth chamber assay
Sterilization substantially reduced the presence of EM fungi;
after 22 weeks of growth in the growth chamber assay, only 5% of
seedlings grown in sterilized cover soils were colonized compared
with 76% of the seedlings grown in unsterilized cover soils
(p < 0.01). Colonization was less than 1% for the few EM seedlings
growing in sterilized cover soils compared with a mean of 23% for
seedlings grown in unsterilized cover soils. EM fungi colonizing
seedlings grown in sterilized cover soils were identiﬁed as one
species belonging to the Thelephoraceae, which was different
from the species that colonized the seedlings in the ﬁeld assay.
A total of ﬁve OTUs were identiﬁed from seven observed morphotypes found on seedlings grown in unsterilized cover soils:
H. hiemale, Thelephoraceae 2, A. byssoides, Tuber 1, and Cenococcum 1
(Table 4). Two rare morphotypes (occurring on <2% of seedlings
and in low abundance) were not identiﬁable and therefore disregarded from further analysis. Across all hosts and cover soils,
H. hiemale was the most prevalent EM fungus occurring on 20% of
Populus tremuloides, 20% of Pinus banksiana, and 57% of Picea glauca
seedlings. The second most prevalent OTU was Thelephoraceae
2 occurring on 73% of Populus tremuloides and 37% of Pinus banksiana
seedlings. Amphinema byssoides occurred on roots of 10% of Picea
glauca seedlings, and Tuber 1 occurred on 27% of Populus tremuloides,
and 7% of Pinus banksiana seedlings. Cenococcum 1 was found on 67%

We investigated the EM inoculum potential of three directly
placed, locally salvaged cover soils used in upland boreal forest
restoration following oil sands mining. We show that EM fungi
are present and viable in salvaged, directly placed FFM, peat, and
subsoil based on their ability to colonize three species of tree
seedlings common to the region: Populus tremuloides, Pinus banksiana,
and Picea glauca. Because seedlings used in the ﬁeld study were
colonized by EM fungi before planting, interpretation of our results is somewhat difﬁcult. The presence of fungi formed in the
nursery may have affected the inoculum potential of the cover
soils, and new symbioses formed between seedlings and EM fungi.
However, given this caveat, EM fungi displayed a preference for
speciﬁc hosts, the extent of which depended on the type of assay
performed.

Discussion

Community composition of EM fungi in reclaimed soils
From both ﬁeld and growth chamber inoculum potential
assays, we identiﬁed EM fungi common to disturbed areas. Rhizopogon spp., Wilcoxina spp., also known as “E-strain fungi”, and
species belonging to Thelephoraceae have been found in early
successional forests (Visser 1995; Jones et al. 1997; Twieg et al.
2007), i.e., those with natural regeneration or planted within
1–6 years after disturbance by clearcut or ﬁre. These types of
EM fungi are considered “pioneer” fungi (with the exception of
Rhizopogon spp., which is better characterized as a “multi-stage”
Published by NRC Research Press
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Fig. 1. Nonmetric multidimensional scaling ordination of ectomycorrhizal fungus species abundances measured as a percentage of root tip colonization per seedling for three host
species (Populus tremuloides, Pinus banksiana, and Picea glauca) grown in three reclamation cover soils (forest ﬂoor material (FFM), peat, subsoil (SS)) in a (a) ﬁeld (stress = 0.120) assay and (b)
growth chamber (stress = 0.100) assay. Vectors are ectomycorrhizal fungal species; their direction and length represent their inﬂuence on the ectomycorrhizal community composition.
Ellipses were generated using the SD of point scores to group seedlings by host species.
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Table 3. Mean (±SE) ectomycorrhizal (EM) fungus abundance measured as a percentage of root tip colonization by each fungus operational
taxonomic unit for Populus tremuloides, Pinus banksiana, and Picea glauca grown in three reclamation cover soils (forest ﬂoor material (FFM), peat,
subsoil) in a ﬁeld assay (n = 3).
Populus tremuloides
EM fungus
Amphinema byssoides
Rhizopogon rubescens
var. pallidimaculatus
Thelephoraceae 1
Wilcoxina mikolae
Hebeloma hiemale
Cenococcum-like fungus

FFM

Peat

Pinus banksiana
Subsoil

FFM
0±0.0a
12±6.8b

0±0.0a
0±0.0b

0±0.0a
0±0.0b

0±0.0a
0±0.0b

0±0.0a
0±0.0a
10±1.9a
7±3.1a

0±0.0a
0±0.0a
12±1.5a
1±0.2b

0±0.0a
0±0.0a
8±1.1a
2±1.0ab

Picea glauca

Peat
0±0.0a
6±5.8b

6±3.7a
0±0.0a
0±0.0b
4±0.6ab

12±9.1a
1±0.6a
0±0.0b
0±0.5b

Subsoil

FFM

Peat

Subsoil

0±0.0a
35±7.3a

21±6.9a
0±0.0b

24±17.6a
0±0.0b

30±18.9a
0±0.0b

1±0.9a
1±0.5a
0±0.0b
4±0.8ab

0±0.0a
6±5.7a
0±0.0b
6±0.9ab

0±0.0a
2±1.4a
0±0.0b
1±0.7ab

0±0.0a
0±0.0a
0±0.0b
0±0.3b
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Note: Differences in lettering represents statistical signiﬁcance (p < 0.05) for each EM fungi across all hosts and cover soils.

Table 4. Mean (±SE) ectomycorrhizal (EM) fungus abundance as a percentage of root tip colonization of Populus tremuloides, Pinus banksiana, and
Picea glauca grown in three reclamation cover soils (forest ﬂoor material (FFM), peat, subsoil) in a growth chamber assay (n = 10).
Populus tremuloides

Pinus banksiana

Picea glauca

EM fungus

FFM

Peat

Subsoil

FFM

Peat

Subsoil

FFM

Peat

Subsoil

Hebeloma hiemale
Thelephoraceae 2
Amphinema byssoides
Tuber 1
Cenococcum 1

0±0.0b
27±8.3a
0±0.0a
0±0.2a
15±3.2a

5±2.0a
2±1.3b
0±0.0a
5±2.6a
2±0.5b

0±0.0b
16±3.8ab
0±0.0a
0±0.1a
1±0.8b

0±0.0b
21±9.4ab
0±0.0a
0±0.0a
0±0.0b

17±6.6a
9±4.2ab
0±0.0a
6±3.9a
0±0.0b

0±0.0b
15±10.0ab
0±0.0a
0±0.0a
0±0.0b

13±6.6ab
0±0.0b
4±3.5a
0±0.0a
0±0.0b

28±8.7a
0±0.0b
0±0.0a
0±0.0a
0±0.0b

18±8.3ab
0±0.0b
3±2.9a
0±0.0a
0±0.0b

Note: Values here are from unsterilized cover soils only. Differences in lettering represents statistical signiﬁcance (p < 0.05) for each EM fungi across all hosts and
cover soils.

fungus) because of proliﬁc spore dispersal and fast root colonization
(Newton 1992). Additionally, A. byssoides, species of Thelephoraceae,
E-strain fungi, Cenococcum spp., and Tuber spp. have all been documented on nursery grown seedlings (Hunt 1991; Smaill and Walbert
2013) indicating their ubiquitous dispersal and colonization abilities.
We found two taxa of Thelephoraceae; one on seedlings grown in
sterilized cover soils in the growth chamber, potentially a growth
chamber contaminant, and the other found on nursery seedlings
before and after outplanting in the ﬁeld.
Colonization of seedlings was lower in our study than that reported from studies of seedlings (hosts ranging from 8 weeks old,
and root samples from mature forests) growing in early-to-late
successional areas, which generally report values greater than
50% (Visser 1995; Taylor and Bruns 1999; Nara et al. 2003; Bois et al.
2005; Pennanen et al. 2005). Relatively low values of EM colonization in both ﬁeld and growth chamber assays suggests that directly placed reclamation cover soils have less inoculum potential
than early successional, such as young clearcuts, and late successional forests. Levels of colonization may be lower in reclaimed
soils because of the complete disruption (i.e., salvage, hauling,
placement, and spreading) of the surface soil materials and the
dilution of propagules in addition to the loss of the predisturbance vegetation. In our experiment, cover soils were directly
placed, without stockpiling, an activity which can even further
reduce the viability of EM fungus propagules (Reddell and Milnes
1992). Further, the capping study is young (<3 years old) and isolated; the distance to undisturbed forest edges at the capping
study exceeds those found for average clearcuts (>1 km), thus,
dispersal from undisturbed forests may have been limited for
many EM fungi (Peay et al. 2012). However, over time, EM fungus
immigration, germination of dormant spores, and host establishment may occur; all of which could increase colonization of plants
occurring on reclaimed areas.
Host preference expressed by EM fungi
Composition of EM communities in the ﬁeld assay was structured by host identity regardless of cover soil, while the trend was
less clear in the growth chamber assay. Of notable interest is the
difference in host preference of H. hiemale between ﬁeld and

growth chamber assays. In the ﬁeld assay, H. hiemale only associated with Populus tremuloides seedlings; while in the growth chamber, it associated with Picea glauca in greater abundance than
Populus tremuloides. This difference contributes to, and complicates, our conclusions on host preference. In each assay, H. hiemale
was found primarily on one host (which supports our conclusions
on host preference); however, the host species was different between the two assays (complicating this conclusion). Because the
EM fungal species found in our study tend to be classiﬁed as
“pioneer” and “multi-stage” fungi, we do not expect to see strong
host speciﬁcity; however, in different circumstances these types
of fungi may exhibit host preference (as shown in this study), but
the species of host an EM fungus shows preference towards may
differ. General discrepancies in host and cover soil preference of
EM fungi between the assays could be due to (i) differences in
abiotic conditions, (ii) the size and age of seedlings, and (or) (iii) the
mycorrhizal condition at the start of the experiment. For instance, the growth chamber seedlings were initially lightly fertilized and watered consistently throughout the experiment to
ensure survival, while the ﬁeld seedlings relied on nutrients and
moisture available in the cover soils, which likely varied throughout the season. Air temperatures in the growth chamber were
held constant throughout the experiment while seedlings in the
ﬁeld were exposed to variation in air and soil temperatures due to
naturally occurring seasonal and diurnal ﬂuctuations. By design,
the Aurora Soil Capping Study removed many sources of natural
variation, such as topography and cover soil depth; however, completely eliminating all variation in large-scale soil placement operations is difﬁcult. This means variation within the single 1 ha
treatments may have precluded a consistent cover soil signal.
Field studies of early successional systems have also found that
EM fungi are host-speciﬁc and that cover soil has little inﬂuence
on shaping the fungus community. A recent study by Walker and
Jones (2013) found EM fungus communities to differ between
intact and clearcut forests while homogeneous across microhabitats. Twieg et al. (2007) found a dominance of host-speciﬁc EM
fungi in young forest stands (⬃5 years) compared with older
stands in mixed temperate forests in interior British Columbia.
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In addition to general differences in abiotic variables between
the two assays, seedlings were also of different sizes. The growth
chamber seedlings germinated from seed and developed their
root system in the cover soil, whereas the ﬁeld seedlings were
nursery-grown and had been outplanted into the ﬁeld. Growth
chamber seedlings had lower biomass than those grown in the
ﬁeld (data not shown), and combined with the relatively low light
levels in the growth chamber; ﬁeld seedlings may have had
greater potential to allocate carbon to supporting ectomycorrhizas. Consequently, potential carbon limitation in growth chamber seedlings may have hindered host preference among EM
fungi. Low host speciﬁcity among EM fungi has also emerged in
studies from stressful environments at ecosystem scales such as
the arctic tree line (Botnen et al. 2014). Host speciﬁcity may be too
costly for EM fungi under such extreme abiotic conditions.
Aside from abiotic and seedling size and age differences between the two assays, initial EM status of seedlings prior to the
start of both assays was different. Field seedlings prior to outplanting were colonized by either A. byssoides or Thelephoraceae 1,
while the growth chamber seedlings had zero initial colonization
because they were germinated by seed ﬁrst into a sterilized potting soil and later transplanted directly into cover soils. For the
ﬁeld seedlings, it is unclear whether the cover soils or the nursery
was the source of Thelephoraceae 1 and A. byssoides (see Table 2).
Because some of the seedlings grown in sterilized cover soils in
the growth chamber were also colonized by Thelephoraceae 1,
this EM fungus may therefore be a growth chamber contaminant.
Thelephora terrestris (Thelephoraceae family) and A. byssoides have
often been found to colonize seedlings grown in nurseries (Hunt
1991), and T. terrestris is able to colonize roots from spore or
small amounts of fungus mycelia (Visser 1995; Jones et al. 1997;
Kranabetter and Friesen 2002), suggesting that these fungi are
ubiquitous.

Conclusions
We investigated two factors likely to inﬂuence the species of
fungi comprising EM inoculum in reclaimed sites: (i) initial differences in the species present in salvaged soils, and (ii) host species
selected for vegetation re-establishment. We tested for differences in EM fungus inoculum potential based on initial differences caused by cover soil origin and host-mediated effects. Of
these, the primary factor found to inﬂuence the community composition of EM fungi in the ﬁeld assay was the host species
selected for vegetation re-establishment, while in the growth
chamber assay, both the type of salvaged soil and the host species
inﬂuenced the EM composition. The drivers of EM community
composition between the two assays could be due to differences in
abiotic conditions, the size and age of seedlings, and mycorrhizal
condition at the start of the experiment. In addition, differences
in belowground carbon allocation between seedlings from the
two assays may have also affected the composition of EM fungi.
Despite these differences between the two assays, because both
experiments were relatively short (3 and 5 months for the ﬁeld
and growth chamber assays, respectively), the similarities in the
outcomes of the two experiments likely tell us more than the
differences. The extent of host preference of pioneer or multistage EM fungi in early successional ecosystems has important
implications for ecosystem restoration. Planting a range of plant
species on upland boreal forest reclamation areas may be a strategy for recovering and potentially maintaining a greater diversity
of EM fungi. In addition to retaining EM fungi, cover soil type may
also be critical for seedling survival based on adequate moisture
retention, nutrient availability, and soil temperature. The recovery of EM fungi in different reclamation scenarios should be continually monitored over time to better understand how different
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host – cover soil combinations govern future community dynamics in combination with seedling performance.

Acknowledgements
We thank many current and past members of the Landhäusser
research group (technicians, graduate students, and summer students), and the Molecular Biology Service Unit at the University of
Alberta for support and guidance. Natural Sciences and Engineering Research Council of Canada, Total E&P Canada Ltd., Imperial
Oil Resources Ltd., Canadian Natural Resources Limited, Syncrude
Canada Ltd., and Shell Canada Energy provided funding for this
research.

References
Agerer, R. 2001. Exploration types of ectomycorrhizae. Mycorrhiza. 11(2): 107–
114. doi:10.1007/s005720100108.
Alberta Environment. 1999. Regional sustainable resource development strategy for the Athabasca Oil Sands area. Alberta Environment, Government of
Alberta. Edmonton, Alta.
Andersen, C.P., Bussler, B.H., Chaney, W.R., Pope, P.E., and Byrnes, W.R. 1989.
Concurrent establishment of ground cover and hardwood trees on reclaimed
mined land and unmined reference sites. For. Ecol. Manage. 28(2): 81–99.
doi:10.1016/0378-1127(89)90062-5.
Ashkannejhad, S., and Horton, T.R. 2006. Ectomycorrhizal ecology under primary succession on coastal sand dunes: interactions involving Pinus contorta,
suilloid fungi and deer. New Phytol. 169(2): 345–354. doi:10.1111/j.1469-8137.
2005.01593.x. PMID:16411937.
Bois, G., Piché, Y., Fung, M.Y.P., and Khasa, D.P. 2005. Mycorrhizal inoculum
potentials of pure reclamation materials and revegetated tailing sands from
the Canadian oil sand industry. Mycorrhiza, 15(3): 149–158. doi:10.1007/s00572004-0315-4. PMID:15883852.
Botnen, S., Vik, U., Carlsen, T., Eidesen, P.B., Davey, M.L., and Kauserud, H. 2014.
Low host speciﬁcity of root-associated fungi at an Arctic site. Mol. Ecol. 23(4):
975–985. doi:10.1111/mec.12646. PMID:24382270.
Bussler, B.H., Byrnes, W.R., Pope, P.E., and Chaney, W.R. 1984. Properties of
minesoil reclaimed for forest land use. Soil Sci. Soc. Am. J. 48(1): 178–184.
doi:10.2136/sssaj1984.03615995004800010033x.
Cassleman, C.N., Fox, T.R., Burger, J.A., Jones, A.T., and Galbraith, J.M. 2006.
Effects of silvicultural treatments on survival and growth of trees planted on
reclaimed mine lands in the Appalachians. For. Ecol. Manage. 223(1–3): 403–
414. doi:10.1016/j.foreco.2005.12.020.
Courty, P.E., Buée, M., Diedhiou, A.G., Frey-Klett, P., Le Tacon, F., Rineau, F.,
Turpault, M.P., Uroz, S., and Garbaye, J. 2010. The role of ectomycorrhizal
communities in forest ecosystem processes: new perspectives and emerging
concepts. Soil Biol. Biochem. 42(5): 679–698. doi:10.1016/j.soilbio.2009.12.006.
Frank, J.L., Barry, S., and Southworth, D. 2006. Mammal mycophagy and dispersal of mycorrhizal inoculum in Oregon white oak woodlands. Northwest Sci.
80(4): 264–273.
Gehring, C.A., Theimer, T.C., Whitham, T.G., and Keim, P. 1998. Ectomycorrhizal
fungal community structure of pinyon pines growing in two environmental
extremes. Ecology, 79(5): 1562–1572. doi:10.1890/0012-9658(1998)079[1562:
EFCSOP]2.0.CO;2.
Hagerman, S.M., and Durall, D.M. 2004. Ectomycorrhizal colonization of
greenhouse-grown Douglas-ﬁr (Pseudotsuga menziesii) seedlings by inoculum
associated with roots of refuge plants sampled from a Douglas-ﬁr forest in
the southern interior of British Columbia. Can. J. Bot. 82(6): 742–751. doi:10.
1139/b04-047.
Hunt, G.A. 1991. Ectomycorrhizal fungi and British Columbia container nurseries. FRDA Handbook, Victoria, B.C. ISSN: 0835-1929.
Ishida, T.A., Nara, K., and Hogetsu, T. 2007. Host effects on ectomycorrhizal
fungal communities: insight from eight host species in mixed coniferbroadleaf forests. New Phytol. 174(2): 430–440. doi:10.1111/j.1469-8137.2007.
02016.x. PMID:17388905.
Izzo, A., Nguyen, D.T., and Bruns, T.D. 2006. Spatial structure and richness of
ectomycorrhizal fungi colonizing bioassay seedlings from resistant propagules in a Sierra Nevada forest: comparisons using two hosts that exhibit
different seedling establishment patterns. Mycologia, 98(3): 374–383. doi:10.
3852/mycologia.98.3.374. PMID:17040066.
Jones, M.D., Durall, D.M., Harniman, S.M.K., Classen, D.C., and Simard, S.W.
1997. Ectomycorrhizal diversity on Betula papyrifera and Pseudotsuga menziesii
seedlings grown in the greenhouse or outplanted in single-species and mixed
plots in southern British Columbia. Can. J. For. Res. 27(11): 1872–1889. doi:10.
1139/x97-160.
Jones, M.D., Phillips, L.A., Treu, R., Ward, V., and Berch, S.M. 2012. Functional
responses of ectomycorrhizal fungal communities to long-term fertilization
of lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) stands
in central British Columbia. Appl. Soil Ecol. 60: 29–40. doi:10.1016/j.apsoil.
2012.01.010.
Kardol, P., and Wardle, D.A. 2010. How understanding aboveground-belowground
Published by NRC Research Press

Botany Downloaded from www.nrcresearchpress.com by University of Alberta on 03/03/16
For personal use only.

Hankin et al.

linkages can assist restoration ecology. Trends Ecol. Evol. 25(11): 670–679. doi:10.
1016/j.tree.2010.09.001. PMID:20888063.
Kjøller, R., and Clemmensen, K.E. 2009. Belowground ectomycorrhizal fungal
communities respond to liming in three southern Swedish coniferous forest
stands. For. Ecol. Manage. 257(11): 2217–2225. doi:10.1016/j.foreco.2009.02.
038.
Kõljalg, U., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M.,
Bates, S.T., Bruns, T.D., Bengtsson-Palme, J., Callaghan, T.M., Douglas, B.,
Drenkhan, T., Eberhardt, U., Dueñas, M., Grebenc, T., Grifﬁth, G.W.,
Hartmann, M., Kirk, P.M., Kohout, P., Larsson, E., Lindahl, B.D., Lücking, R.,
Martin, M.P., Matheny, P.B., Nguyen, N.H., Niskanen, T., Oja, J., Peay, K.G.,
Peintner, U., Peterson, M., Schüßler, A., Scott, J.A., Senés, C., Smith, M.E.,
Suija, A., Taylor, D.L., Telleria, M.T., Weiss, M., and Larsson, K.H. 2013. Towards a uniﬁed paradigm for sequence-based identiﬁcation of fungi. Molecular Ecology, 22(21): 5271–5277. doi:10.1111/mec.12481.
Kranabetter, J.M., and Friesen, J. 2002. Ectomycorrhizal community structure on
western hemlock (Tsuga heterophylla) seedlings transplanted from forests into
openings. Can. J. Bot. 80(8): 861–868. doi:10.1139/b02-071.
Martin, K.J., and Rygiewicz, P.T. 2005. Fungal-speciﬁc PCR primers developed for
analysis of the ITS region of environmental DNA extracts. BMC Microbiol.
5(28). doi:10.1186/1471-2180-5-28.
Marx, D.H. 1975. Mycorrhizae and establishment of trees on strip-mined land.
Ohio J. Sci. 75(6): 288–297. Available from http://hdl.handle.net/1811/22328.
Massicotte, H.B., Molina, R., Tackaberry, L.E., Smith, J.E., and Amaranthus, M.P.
1999. Diversity and host speciﬁcity of ectomycorrhizal fungi retrieved from
three adjacent forest sites by ﬁve host species. Can. J. Bot. 77(8): 1053–1076.
doi:10.1139/b99-115.
Molina, R., Massicotte, H., and Trappe, J.M. 1992. Speciﬁcity phenomena in mycorrhizal symbioses: community-ecological consequences and practical implications. In Mycorrhizal functioning: an integrative plant-fungal process.
Edited by M.F. Allen. Chapman and Hall, New York. pp. 357–423.
Nara, K., Nakaya, H., Wu, B., Zhou, Z., and Hogetsu, T. 2003. Underground
primary succession of ectomycorrhizal fungi in a volcanic desert on Mount
Fuji. New Phytol. 159(3): 743–756. doi:10.1046/j.1469-8137.2003.00844.x.
Natural Regions Committee. 2006. Natural regions and subregions of Alberta.
Compiled by D.J. Downing and W.W. Pettapiece. Government of Alberta.
Newton, A.C. 1992. Towards a functional classiﬁcation of ectomycorrhizal fungi.
Mycorrhiza, 2(2): 75–79. doi:10.1007/BF00203253.
North Wind Land Resources Inc. 2013. Aurora North Capping Study Summary.
Syncrude Canada Ltd., Project #11–381.
O’Brien, M.J., Gomola, C.E., and Horton, T.R. 2011. The effect of forest soil and
community composition on ectomycorrhizal colonization and seedling
growth. Plant Soil, 341(1–2): 321–331. doi:10.1007/s11104-010-0646-1.
O’Dell, T.E., Ammirati, J.F., and Schreiner, E.G. 1999. Species richness and abundance of ectomycorrhizal basidiomycete sporocarps on a moisture gradient
in the Tsuga heterophylla zone. Can. J. Bot. 77(12): 1699–1711. doi:10.1139/cjb-7712-1699.
Oksanen, J. 2013. Multivariate analysis of ecological communities in R: vegan
tutorial.
Peay, K.G., Schubert, M.G., Nguyen, N.H., and Bruns, T.D. 2012. Measuring ectomycorrhizal fungal dispersal: macroecological patterns driven by micro-

275

scopic propagules. Mol. Ecol. 21(16): 4122–4136. doi:10.1111/j.1365-294X.2012.
05666.x. PMID:22703050.
Pennanen, T., Heiskanen, J., and Korkama, T. 2005. Dynamics of ectomycorrhizal fungi and growth of Norway spruce seedlings after planting on a
mounded forest clearcut. For. Ecol. Manage. 213(1–3): 243–252. doi:10.1016/j.
foreco.2005.03.044.
R Development Core Team. 2008. R: a language and environment for statistical
computing. R foundation for statistical computing, Vienna, Austria. Available from http://www.R-project.org.
Read, D.J., Leake, J.R., and Perez-Moreno, J. 2004. Mycorrhizal fungi as drivers of
ecosystem processes in heathland and boreal forest biomes. Can. J. Bot. 82(8):
1243–1263. doi:10.1139/b04-123.
Reddell, P., and Milnes, A.R. 1992. Mycorrhizas and other specialized nutrientacquisition strategies: their occurrence in woodland plants from Kakadu and
their role in rehabilitation of waste rock dumps at a local uranium mine.
Aust. J. Bot. 40(2): 223–242. doi:10.1071/BT9920223.
Smaill, S.J., and Walbert, K. 2013. Fertilizer and fungicide use increases the
abundance of less beneﬁcial ectomycorrhizal species in a seedling nursery.
Appl. Soil Ecol. 65: 60–64. doi:10.1016/j.apsoil.2013.01.007.
Swaty, R.L., Gehring, C.A., Van Ert, M., Theimer, T.C., Keim, P., and
Whitham, T.G. 1998. Temporal variation in temperature and rainfall differentially affects ectomycorrhizal colonization at two contrasting sites. New
Phytol. 139(4): 733–739. doi:10.1046/j.1469-8137.1998.00234.x.
Taylor, D.L., and Bruns, T.D. 1999. Community structure of ectomycorrhizal
fungi in a Pinus muricata forest: minimal overlap between the mature forest
and resistant propagule communities. Mol. Ecol. 8(11): 1837–1850. doi:10.1046/
j.1365-294x.1999.00773.x. PMID:10620228.
Tedersoo, L., Jairus, T., Horton, B.M., Abarenkov, K., Suvi, T., Saar, I., and
Kõljalg, U. 2008. Strong host preference of ectomycorrhizal fungi in a Tasmanian wet sclerophyll forest as revealed by DNA barcoding and taxon-speciﬁc
primers. New Phytol. 180(2): 479–490. doi:10.1111/j.1469-8137.2008.02561.x.
PMID:18631297.
Twieg, B.D., Durall, D.M., and Simard, S.W. 2007. Ectomycorrhizal fungal succession in mixed temperate forests. New Phytol. 176(2): 437–447. doi:10.1111/
j.1469-8137.2007.02173.x. PMID:17888121.
van der Heijden, M.G., Bardgett, R.D., and van Straalen, N.M. 2008. The unseen
majority: soil microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol. Lett. 11(3): 296–310. doi:10.1111/j.1461-0248.2007.
01139.x. PMID:18047587.
Visser, S. 1995. Ectomycorrhizal fungal succession in jack pine stands following
wildﬁre. New Phytol. 129(3): 389–401. doi:10.1111/j.1469-8137.1995.tb04309.x.
Walker, J.K.M., and Jones, M.D. 2013. Little evidence for niche partitioning
among ectomycorrhizal fungi on spruce seedlings planted in decayed wood
versusmineralsoilmicrosites.Oecologia,173(4):1499–1511.doi:10.1007/s00442013-2713-9. PMID:23797413.
Wheeler, B. 2010. lmPerm: Permutation tests for linear models. R package
version 1.1-2. Available from http://CRAN.R-project.org/package=lmPerm.

Appendix A
Appendix A begins on the next page.

Published by NRC Research Press

276

Botany Vol. 93, 2015

Botany Downloaded from www.nrcresearchpress.com by University of Alberta on 03/03/16
For personal use only.

Fig. A1. The Aurora Soil Capping Study manipulates type, conﬁguration, and depth of cover soils. Map shows directly placed cover soils used
in this study (n = 3): Peat, 30 cm cover of peat; FFM, 20 cm cover of forest ﬂoor material; and subsoil, 150 cm cover of blended B–C subsoil soil
horizons. Within each replicate, seedlings of Populus tremuloides, Pinus banksiana, and Picea glauca were planted in single-species 25 m × 25 m
vegetation plots at 10 000 stems per hectare. Vegetation plots are labeled as “A” (Populus tremuloides), “S” (Picea glauca), or “P” (Pinus banksiana).

Table A1. Results of permutation ANOVAs from a ﬁeld assay testing
effects of host species and cover soil used in forest restoration following oil sands mining on rates of ectomycorrhizal fungus colonization.
Statistics
Amphinema
byssoides

Host
Cover soil
Host × cover soil
Residuals
Thelephoraceae 1 Host
Cover soil
Host × cover soil
Residuals
Hebeloma hiemale Host
Cover soil
Host × cover soil
Residuals
Rhizopogon
Host
Cover soil
rubescens var.
pallidimaculatus Host × cover soil
Residuals
Wilcoxina mikolae Host
Cover soil
Host × cover soil
Residuals
Cenococcum-like
Host
Cover soil
fungus
Host × cover soil
Residuals

df SS

MS

2 3789.9 1895.0
2
43.4
21.7
4
86.8 2107
18 4293.1 238.5
2 235.3 117.6
2
57.2
28.6
4
114.4
28.6
18 579.3
32.2
2 582.7 291.4
2
8.5
4.2
4
17.0
4.2
18
57.4
3.2
2 1769.9 884.9
2 421.3 210.7
4 966.9 241.7
18 818.2
45.5
2
29.6
14.8
2
13.3
6.6
4
39.0
9.8
18 207.6
11.5
2
1.7
0.8
2 120.0
60.0
4
28.8
7.2
18
78.5
4.4

Iter

p

5000
51
60

0.008
1.000
1.000

5000
196
1220

0.008
0.403
0.471

5000 <0.001
454 0.260
1494 0.214
5000
4720
5000

0.001
0.165
0.092

1029
269
339

0.295
0.933
0.679

121 0.686
5000 <0.001
4019 0.156

Table A2. Results of permutation ANOVAs from a growth chamber
assay testing effect of host species and cover soil used in forest restoration following oil sands mining on rates of ectomycorrhizal fungus
colonization per host seedling.
Statistics
Tuber 1

Host
Cover soil
Host × cover soil
Residuals
Amphinema
Host
Cover soil
byssoides
Host × cover soil
Residuals
Cenococcum 1
Host
Cover soil
Host × cover soil
Residuals
Thelephoraceae 2 Host
Cover soil
Host × cover soil
Residuals
Hebeloma hiemale Host
Cover soil
Host × cover soil
Residuals

df SS

MS

Iter

2
78.4
39.2 1339
2
264.1 132.0 5000
4
136.8
34.2 1266
81 1982.6
24.5
2
96.3
48.1
69
2
24.1
12.0
51
4
47.5
11.9
69
81 1948.6
24.1
2
722.5 361.2 5000
2
405.8 202.9 5000
4
802.3 200.6 5000
81 1006.0
12.4
2 4682.3 2341.1 5000
2 2242.2 1121.1 4369
4 1593.6 398.4 5000
81 25284.8 312.2
2 5357.4 2678.7 5000
2 2705.0 1352.5 5000
4
519.2 129.8 409
81 21866.4 267.0

p
0.185
<0.001
0.179
0.594
1.000
0.841
<0.001
<0.001
<0.001
0.002
0.048
0.231
0.001
0.007
0.731

Note: Values in boldface type are statistically signiﬁcant at ␣ < 0.05. df,
degrees of freedom; SS, sums of squares; MS, mean square error; Iter, number of
iterations.

Note: Values in boldface type are statistically signiﬁcant at ␣ < 0.05. df,
degrees of freedom; SS, sums of squares; MS, mean square error; Iter, number of
iterations.
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Fig. A2. Accumulation curves of number of (#) ectomycorrhizal
morphotypes per number of root tips counted for (A) Populus
tremuloides, (B) Pinus banksiana, and (C) Picea glauca grown in forest
ﬂoor material (FFM), peat, and subsoil.
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