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Abstract
The eastern deciduous forest is a mix of arbuscular (AM) and ectomycorrhizal (EM) trees, but land use legacies have 
increased the abundance of AM trees like Acer spp. (maple). Although these legacies have not changed the abundance of 
some EM trees like Betula spp. (birch), EM conifers like Tsuga canadensis (hemlock), and Pinus strobus (pine) have declined. 
We used a soil bioassay to investigate if the microbial community near EM birch (birch soil) contains a greater abundance 
and diversity of EM fungal propagules compatible with T. canadensis and P. strobus compared to the community associated 
with the surrounding AM-dominated secondary forest matrix (maple soil). We also tested the effectiveness of inoculation 
with soil from a nearby EM-dominated old-growth forest as a restoration tool to reintroduce EM fungi into secondary forest 
soils. Finally, we examined how seedling growth responded to EM fungi associated with each treatment. Seedlings grown 
with birch soil were colonized by EM fungi mostly absent from the surrounding maple forest. Hemlock seedlings grown 
with birch soil grew larger than hemlock seedlings grown with maple soil, but pine seedling growth did not differ with soil 
treatment. The addition of old-growth soil inoculum increased hemlock and pine growth in both soils. Our results found that 
EM trees are associated with beneficial EM fungi that are mostly absent from the surrounding AM-dominated secondary 
forest, but inoculation with old-growth soil is effective in promoting the growth of seedlings by reintroducing native EM 
fungi to the AM-dominated forests.
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Introduction

The North American eastern deciduous forest is comprised 
of a mix of arbuscular mycorrhizal (AM) and ectomycorrhi-
zal (EM) forest types that can form patches in the landscape 
(Frelich et al. 1993; Phillips et al. 2013). While AM fungi 
colonize most plant genera including herbaceous plants and 
the tree genera Acer (maple), Fraxinus (ash), and Prunus 
(cherry), EM fungi colonize a narrower range of host plants 
such as Betula (birch), Fagus (beech), Pinus (pine), Tsuga 
(hemlock), and Quercus (oak) (Brundrett 2009; Smith and 
Read 2010; Brundrett and Tedersoo 2020). Anthropogenic 

impacts such as agricultural land use, logging, and nitrogen 
deposition, as well as the introductions of hemlock woolly 
adelgid and white pine blister rust have decreased the abun-
dance of EM conifers such as Tsuga canadensis (eastern 
hemlock) and Pinus strobus (eastern white pine) in the east-
ern deciduous forest (Braun 1950; Whitney 1990; Hummer 
2000; Abrams 2001; Ellison et al. 2005). There are now 
extensive areas of forest dominated by AM broadleaf trees 
such as maple, with fewer EM conifer trees like hemlock and 
pine (Abrams 1998; Dyer 2001, 2006; Phillips et al. 2013; 
Thompson et al. 2013; Jo et al. 2019), while the abundance 
of some EM trees like birch has not changed appreciably 
(Whitney 1990; Flinn and Marks 2007).

Hemlock and pine provide important structural heteroge-
neity in forests otherwise comprised exclusively of deciduous 
broadleaf trees (Abrams et al. 1995; Yamasaki et al. 2000), and 
declines in their abundance have had broad ecological effects 
(Abrams 2001; Snyder et al. 2002; Ellison et al. 2005). The 
reintroduction of hemlock and pine into forests is desirable to 
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restore ecosystem function and habitat heterogeneity of eastern 
forests (Vellend et al. 2007; Burton and Macdonald 2011), but 
factoring in their obligate associations with EM fungi is critical 
for restoration to be successful (Policelli et al. 2020).

While AM fungi are usually not limiting in terrestrial eco-
systems such as agricultural fields and forests (Rillig 2004; 
Brundrett 2009; Gottshall et al. 2017), EM fungi may not be 
as widely distributed (Peay et al. 2010, 2012). As a result, 
a greater abundance and diversity of EM fungal propagules 
beneficial for seedling establishment can be found in soils 
associated with existing EM vegetation (Borchers and Perry 
1990; Horton et al. 1999; Nara 2006a, b) which can drive 
positive plant-soil feedbacks and the formation of patches 
dominated by EM trees (McGuire 2007; Bennett et al. 2017; 
Montesinos‐Navarro et al. 2019; Eagar et al. 2020).

Since EM fungi are often dispersal limited (Nuñez et al. 
2009; Peay et al. 2010, 2012; Galante et al. 2011), AM-
dominated patches may have a relatively low availability of 
EM fungal propagules. However, scattered individuals or 
patches of EM plants have been documented to support EM 
fungal communities that may influence EM inoculum and 
seedling establishment (van der Heijden et al. 1998; Baxter 
and Dighton 2001; Jonsson et al. 2001; Dickie et al. 2002; 
Thiet and Boerner 2007; Matsuda et al. 2013). To the best 
of our knowledge, no previous studies have examined the 
role of isolated EM patches on EM fungal inoculum within 
undisturbed eastern deciduous forests.

In areas lacking EM fungi, inoculation with soil from a 
reference site, such as a local EM-dominated forest (Policelli 
et al. 2020), can transfer EM fungal propagules and improve 
the growth, nutrient status, and survival of seedlings in res-
toration projects (Amaranthus and Perry 1987; Perry et al. 
1987; Cortese and Bunn 2017). Further, inoculation usually 
selects for resistant propagules which represent a subset of 
the whole EM fungal community but can be critical for seed-
ling establishment (Taylor and Bruns 1999; Baar et al. 1999; 
Ashkannejhad and Horton 2006; Izzo et al. 2006).

For our study, we conducted growth chamber experiments 
to investigate how hemlock and pine seedling establishment 
are influenced by their associations with EM fungi in AM-
dominated secondary forest soils. The purpose of Experiment 
1 was to determine whether the soil microbial community 
associated with scattered EM birch (Betula lenta, Betulaceae) 
trees were represented by a greater abundance and diversity of 
EM fungi compatible with eastern hemlock (Tsuga canadensis, 
Pinaceae) and white pine (Pinus strobus, Pinaceae) seedlings 
compared to the soil microbial community associated with 
the surrounding AM maple (Acer saccharum and A. rubrum, 
Sapindaceae) dominated forest. We also investigated how the 
soil microbial communities associated with EM birch and 
AM maple influenced the growth of pine and hemlock seed-
lings. Individual and small groups of EM Betula lenta (birch) 
trees have established in isolated locations within a matrix of 

otherwise dominant AM Acer spp. (maple) forest patches and 
represent the most abundant and widely distributed EM tree in 
the secondary AM-dominated forest. The purpose of Experi-
ment 2 was to investigate whether soil inoculum collected from 
a nearby old-growth forest dominated by the EM trees Tsuga 
canadensis, Betula lenta, and Quercus spp. could be used as 
a restoration tool to reintroduce native EM fungi and subse-
quently enhance the growth of hemlock and pine seedlings 
grown in soils from the secondary AM-dominated forest.

The objectives of our study were to (1) determine under 
growth chamber conditions if the soil microbial community 
associated with EM birch trees results in greater EM percent 
colonization, EM root tip biomass, and EM fungal richness 
of pine and hemlock seedlings compared to the soil microbial 
community associated with AM maple, (2) determine under 
growth chamber conditions if the soil microbial community 
associated with EM birch positively influences the growth of 
pine and hemlock seedlings compared to the soil microbial 
community associated with AM maple, and (3) test under 
growth chamber conditions how the addition of fungal inocu-
lum from EM-dominated old-growth forest soils influences 
mycorrhizal colonization and growth of pine and hemlock seed-
lings grown in soils from an AM-dominated secondary forest.

Materials and methods

Site description

Our study took place at the Mianus River Gorge (MRG) in 
Westchester County, NY. It is part of a 303-ha nature preserve 
that features over 200 ha of c. 80-year-old secondary maple-
dominated forest growing on abandoned agricultural fields as 
well as 100 ha of old-growth hemlock-hardwood forest in a 
steep river gorge (Weckel et al. 2006). We estimated stand-
level overstory composition using the point-centered quarter 
method (Mueller-Dombois and Ellenberg 1974) from three sec-
ondary maple-dominated forest stands as well as the old-growth 
EM-dominated forest. We identified Betula lenta (birch) as the 
dominant EM tree and two species of maple, A. rubrum and A. 
saccharum (shown simply as “maple” for the rest of this paper) 
as the dominant AM tree to be used for our study (Table 1).

Focal tree selection

We selected focal birch trees that were at least 15 m from any 
overstory EM tree (DBH ≥ 10 cm) in Pinaceae (e.g., Pinus and 
Tsuga), and we selected focal maple trees that were at least 
15 m from any overstory EM trees (DBH ≥ 10 cm). We chose 
this distance to avoid contact with the lateral extent of EM tree 
root systems and associated mycelial networks (Lilleskov et al. 
2004; Dickie and Reich 2005). There was one 10.1 cm birch 
tree 14.1 m from one maple focal tree (Table 1). Using these 
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criteria, we were able to select 8 maple and 8 birch trees for 
the collection of soil inoculum. At each tree, we then estab-
lished 15 m radius plots and measured diameter at breast height 
(DBH) for all trees and saplings ≥ 137 cm tall (Table 1).

Experiment 1: collection of soils near EM birch 
and AM maple from secondary forest

Soils were collected from the base of eight Betula lenta (birch) 
and eight Acer spp. (maple) from a maple-dominated, second-
growth forest at the Mianus River Gorge Preserve, Westches-
ter County, NY, in October 2019. From each birch and maple 
tree, 8 L of soil were collected 2 m from the center of the bole 
at the north and south cardinal directions to enhance the col-
lection of soil microbes associated with the roots of each focal 
tree. Soils were excavated from areas approximately 15 cm 
deep by 30 cm in diameter using a shovel sterilized with 10% 
bleach between collections. Rocks and woody debris were dis-
carded on site. Soils were composited by treatment (EM birch 
or AM maple) to capture the average soil inoculum potential 
for soils from the two mycorrhizal trees (Allen et al. 2021) and 
were stored at 4 °C for 1 week.

Experiment 2: collection of soil from EM‑dominated 
old‑growth forest

EM-dominated old-growth forest soil inoculum (old growth) 
was collected from an adjacent old-growth forest dominated 
by EM trees Betula lenta, Tsuga canadensis, and Quercus spp. 
This forest was adjacent to the maple-dominated secondary 

forest (Weckel et al. 2006). Old-growth soil inoculum was col-
lected in a similar manner as birch/maple soil but only from 
the base of four healthy Tsuga canadensis and four healthy 
Quercus spp. Old-growth soils were also composited and 
stored at 4 °C for 1 week.

Experiments 1 and 2: soil processing

All soils were transported to SUNY ESF, Syracuse, NY, 
homogenized, passed through a 4.75 mm mesh (# 4 US 
Standard), sieve to remove pebbles and organic debris, and 
then dried for 3 weeks at room temperature (20 °C) to select 
for resistant EM fungal propagules (Baar et al. 1999). Sub-
sets of each soil type (birch, maple, and old growth inocu-
lum) were sterilized (autoclaved once at 121 °C for 45 min, 
allowed to rest overnight, and autoclaved again under the 
same conditions to kill spore germinants). Live and sterilized 
birch and maple soils (secondary forest soils) were mixed 
with sterilized sand in a 3:1 ratio of soil:sand (v/v), and then 
live birch and maple soil mixes were combined in a 1:1 (v/v) 
ratio with autoclaved soil from the opposing treatment. We 
did this to control for any physical and chemical differences 
to be able to isolate effects of the birch and maple soil micro-
bial community on plant growth response (hereafter referred 
to as “birch soil” and “maple soil”). Sterile controls were 
a 1:1 (v/v) mix of autoclaved birch soil/sand mixture and 
maple soil/sand. One representative soil sample was analyzed 
for pH, carbon, nitrogen, and phosphorus at the SUNY ESF 
Forest Soils Laboratory. Soil pH was measured by mixing a 
1:1 (v/v) slurry of soil and  dH2O and then measuring with 
a Corning 445 pH meter. Total carbon and nitrogen were 

Table 1  Stand level importance 
value (IV) and mycorrhizal 
status (Brundrett and Tedersoo 
2020) of tree genera in the 
maple-dominated secondary 
(secondary) and adjacent 
EM-dominated old-growth 
forest (old growth) at the 
Mianus River Gorge, Bedford, 
NY. Mean overstory tree basal 
area  (m2/ha) of all tree genera 
from 15 m radius plots measured 
at each EM Betula lenta (birch) 
and AM Acer spp. (maple) focal 
trees are also shown

Genus Mycorrhizal 
status

Stand IV (± SE) Basal area  (m2/ha ± SE)

Secondary Old growth Birch Maple

(n = 3) (n = 1) (n = 8) (n = 8)

Acer AM 219.20 ± 6.49 36.42 11.48 ± 3.54 9.94 ± 2.38
Betula EM 22.61 ± 11.45 80.56 6.75 ± 2.18 0.12 ± 0.00
Liriodendron AM 12.82 ± 11.19 0.00 0.35 ± 0.00 7.74 ± 3.83
Fagus EM 10.32 ± 4.18 30.84 0.16 ± 0.00 0.00 ± 0.00
Robinia AM 7.95 ± 2.86 0.00 0.00 ± 0.00 0.00 ± 0.00
Prunus AM 6.66 ± 7.20 0.00 4.05 ± 0.00 0.68 ± 0.00
Carya EM 6.09 ± 2.17 5.91 2.08 ± 0.62 0.00 ± 0.00
Fraxinus AM 5.31 ± 3.01 0.00 3.89 ± 0.45 5.83 ± 1.53
Quercus EM 5.12 ± 1.13 80.84 0.00 ± 0.00 0.00 ± 0.00
Ulmus AM 3.02 ± 1.85 0.00 0.83 ± 0.00 0.79 ± 0.00
Juglans AM 1.07 ± 1.07 0.00 1.10 ± 0.00 0.00 ± 0.00
Carpinus EM 1.03 ± 1.03 0.00 0.00 ± 0.00 0.00 ± 0.00
Amelanchier AM 0.00 ± 0.00 0.00 0.06 ± 0.00 0.00 ± 0.00
Nyssa AM 0.00 ± 0.00 0.00 1.02 ± 0.00 0.00 ± 0.00
Tsuga EM 0.00 ± 0.00 65.43 0.00 ± 0.00 0.00 ± 0.00
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analyzed with a  FlashEA® C/N analyzer, and phosphorous 
was measured using the Bray-1 extraction method. The sec-
ondary forest soils had a pH of 6.12, with 0.21% total nitro-
gen, 0.001% phosphorus, and 3.55% carbon by volume.

Seedling bioassay: hemlock and pine growth 
and EM colonization in secondary forest soils

Birch, maple, and sterile soils (secondary forest soils) were 
used for a growth chamber bioassay, utilizing a full-factorial 
design with a sterile control conducted simultaneously for 
Experiment 1 and Experiment 2. Tsuga canadensis (hem-
lock) and P. strobus (pine) seeds (Sheffield  Seed©, Locke, 
NY) were surface sterilized in 3%  H2O2 for 10 min, rinsed 
in distilled  H2O, and cold-stratified at 4 °C for 75 days. 
Hemlock and pine seeds were sown in SC-10  Conetainers© 
(Steuwe and  Sons©) that were soaked in 10% bleach for 24 h 
prior to sowing. For the birch + old growth and maple + old 
growth treatments, each tube was filled with the respective 
(birch or maple) secondary forest soil followed by a layer of 
old-growth forest soil inoculum. Each tube was then topped 
off with a thin layer of the respective secondary forest soil 
for a final ratio of 1:9 (v/v) old-growth soil inoculum to 
secondary forest soil. To control for potential chemical 
effects on seedling growth, birch and maple soil treatments, 
and sterile controls each received 1:9 (v/v) of autoclaved 
old-growth soil in the same manner as previously stated. 
Between 3 and 5 seeds were sown in each tube at an approxi-
mate depth of 5 mm, allowed to germinate, and were then 
thinned to one seedling per tube after 1 month. We planted 
a total of 22 replicate tubes per treatment combination for 
each species. Seedlings were grown in a growth chamber at 
20 °C at an average light intensity of 500 μmol  m−2  s−1 and 
photoperiod of 16:8 h light:dark for 4 months and racks were 
randomized once every 4 weeks. Due to the shutdown of the 
SUNY ESF campus during the onset of the COVID-19 pan-
demic in March 2020, seedlings were moved to an outdoor 
greenhouse without additional lighting or climate control 
and grown for 2 months. Seedlings were later returned to the 
original growth chamber in June 2020 and grown under the 
previous light and temperature conditions for an additional 
3 months before harvest in September 2020. The seedlings 
grew for a total of nine months and were watered as needed 
throughout the experiment.

Seedling harvest

Upon harvest, each seedling root system was gently washed 
under tap water over a 1-mm mesh (#18 US Standard) sieve to 
remove soil. The shoot was removed at the root collar, and the 
initial wet weight of the root system was recorded. Following 
the assessment of mycorrhizal colonization, the remaining wet 
root system from each seedling was re-weighed, dried at 60 °C 

for 48 h, and then weighed again. The dry weight of each entire 
root system was then estimated by using linear regression coef-
ficients from the relationship of post-assessment wet and dry 
weights with the initial wet weight measurement. Shoots were 
placed in envelopes, dried at 60 °C for 48 h, and then weighed.

Morphological examination of root tips

To assess the percent mycorrhizal colonization and EM fungal 
richness of seedlings, root systems were examined under a 
stereomicroscope  (Nikon® 645) at 40 × magnification. Each 
root tip was counted from seedlings with small root sys-
tems (0–200 root tips), while large root systems with many 
root tips were subsampled by cutting them into 1–3 cm sec-
tions, homogenizing in a gridded petri dish, and then select-
ing root sections by generating random coordinates until a 
minimum of 150 live root tips were examined per seedling. 
Using these methods, between 63 and 589 individual root tips 
were counted per seedling. EM root tips were identified as 
swollen and turgid relative to uncolonized roots; cross sec-
tions of questionable root tips were stained in trypan blue and 
examined under a compound microscope  (Nikon® E600) at 
400 × magnification for the presence of a mantle and Har-
tig net. EM root tips were counted and separated into unique 
morphotypes based on color, branching, and mantle charac-
teristics (Agerer 1987-2002). One control pine seedling had 
apparent EM contamination based on an EM morphotype 
that did not amplify, but the seedling was not included in any 
subsequent analyses. All root tips from each unique morpho-
type were removed from the root system, placed in  dH20 in 
1.5-ml Eppendorf tubes, lyophilized  (LabConco©), and then 
weighed on a microbalance (Mettler-Toledo©) to measure EM 
root tip biomass. Total EM biomass for all subsampled roots 
was calculated by estimating the relationship between dry root 
biomass and the number of root tips for non-subsampled seed-
lings via linear regression. Biomass measurements for each 
seedling were then scaled by multiplying the EM biomass by 
the proportion of root tips counted divided by the total number 
of root tips estimated by linear regression coefficients.

Molecular identification of EM root tips

DNA was extracted from 1–5 lyophilized root tips of each unique 
morphotype per seedling following the CTAB method (Gardes 
and Bruns 1993). Polymerase chain reaction (PCR) with the 
ITS1-F and ITS4 primers was used to amplify the nuclear riboso-
mal internal transcribed spacer (ITS) region for each morphotype 
isolated from each seedling (White et al. 1990; Gardes and Bruns 
1993). Restriction fragment length polymorphisms (RFLP) 
were then generated from each amplicon using HinfI and DpnII 
restriction enzymes (New England  Biolabs©, Ipswich, MA) and 
visualized on 3% agarose gels. Unique RFLP types based on the 
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two restriction digests were considered operational taxonomic 
units (OTU) and used as proxies for species (Kårén et al. 1997; 
Horton 2002) and calculation of species richness (Gardes and 
Bruns 1996). For each unique RFLP type, the ITS region was 
again amplified using ITS1-F and ITS4 primers, cleaned using 
a Qiaquick PCR purification kit  (Qiagen©, Germantown, MD), 
and sequenced (Eurofins  Genomics©, Lousville, KY). Sequences 
were visually examined for quality using  Chromas© 2.6.6 soft-
ware and then compared to sequences in Genbank (http:// blast. 
ncbi. nlm. nih. gov/) for taxonomic assignments based on sequence 
similarities of reference taxa in the database. Sequences that 
matched ≥ 97% across the ITS region were considered the same 
species (Schoch et al. 2012). Sequences that were between 97 
and 93% similar across the ITS region were considered the same 
genus. Unknown sequences in our study identified to a genus 
were placed into an alignment by genus using SeaView 4 and 
were placed within a species at ≥ 97% base pair similarity. Unique 
species within a genus that were not matched to a named species 
were given numerical identifiers (e.g., Tuber sp. 1, Tuber sp. 2).

Statistical analysis

All statistical analyses were conducted in the RStudio statisti-
cal environment using R version 4.0.2 (R Core Team 2020). 
Separate statistical tests were conducted for hemlock and pine 
seedling datasets, but data from Experiment 1 and Experiment 
2 were analyzed with the same tests for each tree species. Total 
biomass, root:shoot ratio, and foliar nutrition from hemlock 
and pine, as well as EM biomass and percent colonization of 
pine seedlings, were conducted using two-factor ANOVA. 
Tukey HSD pairwise comparisons of significant ANOVA 
(p < 0.05) were conducted using the emmeans package. Data 
were log transformed as needed to fulfill assumptions of nor-
mality and homogeneity of variance. Hemlock EM biomass 
and percent colonization, as well as pine and hemlock OTU 
richness, did not meet assumptions of ANOVA after transfor-
mation. This was because the maple soil treatment resulted 
in EM colonization of seedlings that was too low to detect a 
treatment response. The maple soil treatment group was subse-
quently omitted and the remaining groups (birch, maple + old 
growth, and birch + old growth) were compared using nonpara-
metric Kruskal–Wallis with Wilcoxon rank-sum pairwise tests 
and Bonferroni p-value adjustments.

Results

Molecular identification of EM fungi

In total, we identified 12 EM fungal OTUs from a total of 34 
surviving hemlock and 98 surviving pine seedlings, on which 
Cenococcum geophilum was the most frequently encountered 

(19 hemlock and 42 pine), followed by Hyaloscypha bicolor 
(7 hemlock and 10 pine), and then Tuber arnoldianum (1 hem-
lock and 9 pine; Table 2). Despite being the most frequent, 
C. geophilum was only present on seedlings grown with the 
birch soil microbial community (birch soil), or seedlings with 
old-growth soil inoculum added. Tuber arnoldianum was the 
only EM fungal OTU identified from seedlings grown with 
the maple soil microbial community (maple soil) and was 
also found in all other treatments except the sterile control 
(Table 2). Genbank accession numbers for all identified EM 
fungi can be found in Table 5 in the Appendix.

Experiment 1: influence of scattered EM birch on EM 
colonization and seedling growth

Hemlock seedlings

Hemlock seedlings grown with maple soil had extremely sparse 
percent EM colonization as determined by visual examination 
of roots as well as low EM biomass which yielded no PCR 
products (Fig. 1). In contrast, hemlock seedlings grown with 
birch soil were all clearly mycorrhizal-based on visual exami-
nation of the roots and were colonized primarily by Cenococ-
cum geophilum. Hemlock seedlings grown with birch soil had 
significantly greater shoot and total biomass, but not root bio-
mass compared to seedlings grown with maple soil. Hemlock 
seedlings grown with maple soil had a greater root:shoot ratio 
than seedlings grown with birch soil (Table 3).

Pine seedlings

Pine seedlings grown with maple soil had sparse percent EM 
colonization and low EM biomass compared to birch soil 
(Fig. 1). Tuber arnoldianum was the only EM fungal OTU 
identified from a single pine seedling grown with maple 
soil, while seedlings grown with birch soil were dominated 
by Cenococcum geophilum (Fig. 1, Table 2). We detected 
no significant differences in shoot, root, or total biomass 
between pine seedlings grown with maple versus birch soil, 
or the sterile control soil. We also found no difference in 
root:shoot ratio between treatments (Table 4).

Experiment 2: Influence of old‑growth soil 
inoculation on EM colonization and seedling growth

Hemlock seedlings

Addition of old-growth soil increased the percent EM coloniza-
tion, EM root tip biomass, and EM fungal OTU richness on 
hemlock seedlings grown with maple soil, but not birch soil. 
This resulted in similar EM colonization of all mycorrhizal treat-
ments (birch, maple + old growth, birch + old growth) except for 

http://blast.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/
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maple soil alone (Fig. 1). Addition of old-growth soil inoculum 
to birch soil resulted in the detection of new EM fungal OTUs 
not present on seedlings grown without old growth soil, includ-
ing Tuber canaliculatum (Table 2). Addition of old-growth soil 
inoculum increased the shoot and total biomass of hemlock 
seedlings grown with both maple and birch soil, as well as the 
EM root tip biomass of hemlock grown with birch soil. Seed-
lings grown with old-growth soil inoculum grew about twice as 
large as seedlings grown without old-growth soil, and seedlings 

grown in maple soil with old-growth soil inoculum added exhib-
ited comparable root:shoot ratios to other ectomycorrhizal treat-
ments (birch, birch + old growth) (Table 3).

Pine seedlings

Addition of old-growth soil inoculum also increased the 
percent EM colonization, EM root tip biomass, and EM 

Table 2  Ectomycorrhizal fungal operational taxonomic units (OTUs) 
detected on Pinus strobus (pine) and Tsuga canadensis (hemlock) 
seedlings grown in soils collected from a secondary maple-dominated 
forest at Mianus River Gorge, Bedford, NY. Treatments are indicated 

as the soil microbial community associated with EM Betula lenta (B) 
or AM Acer spp. (M) as well as the addition of EM-dominated old-
growth forest soil inoculum (+ OG). Unidentified OTUs detected on 
only one or two seedlings are not shown

a Base pair read length for Genbank BLAST search
b Percent match to Genbank reference sequence
c Genbank accession number of matched reference sequence
d Birch (n = 19), maple (n = 20), birch + inoculum (n = 21), maple + inoculum (n = 18)
e Birch (n = 11), maple (n = 9), birch + inoculum (n = 7), maple + inoculum (n = 6)
f Most samples identified morphologically

Taxon bp  reada Ident. (%)b Accessionc Number of seedlings colonized by OTU (frequency)

Pine  seedlingsd Hemlock  seedlingse

B M B + OG M + OG B M B + OG M + OG

Cenococcum geophilumf 559 99.63 LC095038.1 10 0 19 13 7 0 7 5
Hyaloscypha bicolor 883 98.16 MW028025.1 3 0 5 2 3 0 2 2
Tuber arnoldianum 640 99.69 KU186919.1 1 1 4 3 1 0 0 0
RFLP 6 —— —— —— 4 0 1 0 2 0 3 0
Tuber canaliculatum 355 99.63 MT156507.1 0 0 3 3 0 0 2 0
Tuber sp. 1 643 99.84 AY634174.1 0 0 2 3 0 0 0 0
Tomentella sublilacina 655 99.24 JQ272367.1 3 0 1 0 0 0 0 0
Tuber separans 644 98.30 MT156443.1 0 0 2 2 0 0 0 0
Suillus salmonicolor 702 98.18 L54088.1 0 0 1 0 0 0 0 0
Tomentella globosa 660 99.39 MG136839.1 0 0 1 0 0 0 0 0
Pezizaceae sp. 623 99.83 KX844685.1 0 0 0 1 0 0 0 0
Thelephoraceae sp. 656 97.75 EF619819.1 0 0 0 0 0 0 1 0

Table 3  Shoot, root, and root + shoot (total) biomass, as well as root:shoot 
ratio of Tsuga canadensis (hemlock) seedlings grown with the soil micro-
bial community associated with EM Betula lenta (birch) and AM Acer 
spp. (maple) trees in a secondary, maple-dominated forest at Mianus River 

Gorge, Bedford, NY. Treatment indicates the addition of old-growth soil 
inoculum (old growth), or sterilized soil (control) collected from an adja-
cent old-growth EM-dominated forest

Significance of two-factor ANOVA for each variable is indicated as follows: ***p < 0.001 and letters indicate significant (p < 0.05) Tukey HSD 
pairwise groups following significant ANOVA (p < 0.05)
d Only one replicate seedling survived to harvest and was excluded from the calculation of standard error and statistical analyses

Soil Treatment n Shoot (g ± SE)*** Root (g ± SE)*** Total (g ± SE)*** Root: shoot (± SE)***

Birch Control 11 0.12 ± 0.01b 0.07 ± 0.01a 0.19 ± 0.02b 0.62 ± 0.08a

Old growth 7 0.34 ± 0.07c 0.14 ± 0.02b 0.48 ± 0.08c 0.58 ± 0.19a

Maple Control 9 0.05 ± 0.02a 0.05 ± 0.01a 0.10 ± 0.02a 1.49 ± 0.28b

Old growth 6 0.17 ± 0.03bc 0.06 ± 0.00a 0.23 ± 0.03bc 0.42 ± 0.09a

Sterile Control 1 0.05 ±  nad 0.07 ±  nad 0.12 ±  nad 1.40 ±  nad
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fungal OTU richness on pine seedlings grown with maple, 
but not birch soil. This resulted in similar EM colonization 
of all treatments (birch, maple + old growth, birch + old 
growth) except for maple soil alone (Fig.  1). As with 

hemlock, addition of old-growth soil inoculum to seed-
lings grown with birch soil resulted in the detection of EM 
fungal OTUs not present on seedlings grown without old-
growth soil including three additional Tuber spp. and Suillus 

Fig. 1  EM fungal operational taxonomic unit (OTU) richness (top), 
EM biomass (middle), and percent EM colonization (bottom) of 
Tsuga canadensis (hemlock, left) and Pinus strobus (pine, right) seed-
lings grown with the soil microbial community associated with EM 
Betula lenta (birch) and AM Acer spp. (maple) from the surrounding 
AM-dominated forest. Some seedlings also received an addition of 
EM-dominated old-growth forest soil inoculum (+ OG). Pine EM bio-

mass and percent EM colonization were compared using two-factor 
ANOVA, and letters indicate significant Tukey HSD pairwise com-
parisons (p < 0.05). All other analyses were conducted with Kruskal–
Wallis tests with the maple treatment omitted due to a lack of ecto-
mycorrhizal response (*). No significant differences were detected 
between any of the remaining treatment groups (p ≥ 0.05)
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salmonicolor (Table 2). Addition of old-growth soil inocu-
lum increased the root, shoot, and total biomass of seedlings 
grown with both maple and birch soil. Seedlings grown with 
the addition of old-growth soil inoculum grew about twice as 
large as seedlings grown without old-growth soil, but there 
were no effects on root:shoot ratio (Table 4).

Discussion

Ectomycorrhizal Betula lenta (birch) are associated with a 
greater richness and abundance of EM fungi available to pine 
and hemlock seedlings compared to the surrounding maple 
forest. This shows that in AM-dominated forests such as those 
dominated by maple, scattered EM trees influence EM fungal 
communities similar to pioneering EM hardwoods (Borchers 
and Perry 1990; Horton et al. 1999; Kennedy et al. 2012) in 
the Pacific Northwest and isolated EM oak trees in an AM-
dominated Japanese cypress forest (Matsuda et al. 2013). In 
our study, resistant EM fungal propagule communities in 
soils associated with birch trees were dominated primarily by 
Cenococcum geophilum, Hyaloscypha bicolor, and Tomen-
tella sublilacina, while Tuber arnoldianum was detected from 
both maple and birch soil EM fungal propagule communities. 
These fungi are all known to produce resistant propagules 
such as sclerotia and spores that are sources of EM fungi 
beneficial for initial seedling establishment following distur-
bance (Baar et al. 1999; Izzo et al. 2006; Bonito et al. 2012; 
Glassman et al. 2015). However, these fungi are often less 
functional in undisturbed forests in which active EM fungal 
mycelium is the primary inoculum source (Cline et al. 2005; 
Grove et al. 2019). As a result, these fungi are generally more 
abundant on seedlings grown in bioassays compared to those 
grown in field conditions (Baar et al. 1999; Taylor and Bruns 
1999; Dulmer et al. 2014). While C. geophilum inoculum 
(microsclerotia) is considered ubiquitous (Trappe 1962) and 
has been reported far from established EM trees in mixed 
AM-EM forests (Dickie et al. 2002), it was not detected in 
maple soils in our study indicating a paucity of this common 

taxon in areas without EM trees in our area. This may be due 
to C. geophilum reproducing exclusively via asexual micro-
sclerotia produced belowground that may not disperse well 
beyond its established ramets. Pooling replicate soil samples 
and further mixing of live and sterilized soils in our experi-
ment likely increased the dominance of C. geophilum, which 
can reproduce from an individual microsclerotium (Trappe 
1962). Additionally, soil mixing could have discriminated 
against other EM fungal taxa through dilution of spore con-
centrations below levels necessary to form ectomycorrhizae 
(Ashkannejhad and Horton 2006; Bruns et al. 2009), which 
could have prevented their detection in our study. We found 
that EM fungal propagules associated with scattered birch 
trees resulted in increased growth and a lower root:shoot ratio 
for hemlock seedlings. This is likely due to enhanced nutri-
ent acquisition by EM-colonized seedlings which resulted in 
proportional decreases in belowground carbon allocation and 
increased shoot growth (Bloom et al. 1985). In contrast, pine 
seedling growth was less responsive to EM fungal propagules 
associated with birch trees compared to the surrounding maple 
forest. One possible explanation for the discordant growth 
responses of pine and hemlock is due to differences in seed 
size between the two species. Hemlock seeds are about 10% 
the size of pine seeds (Service and Bonner 2008) and con-
tain lower levels of endosperm nutrients. First-year hemlock 
seedlings produce small, shallow root systems (Godman and 
Lancaster 1990) which may be more dependent on coloniza-
tion by EM fungi for establishment than larger-seeded pines 
(Abuzinadah et al. 1986; Holste et al. 2017).

The addition of soil inoculum collected from a local EM-
dominated old-growth forest increased the amount of EM 
fungal colonization and EM fungal richness of both pine and 
hemlock seedlings grown with maple soil, but not birch soil. 
The addition of old-growth soil inoculum resulted in colo-
nization by Tuber canaliculatum, T. separans, and the pine-
specialist Suillus salmonicolor, which were not detected on 
seedlings that did not receive old-growth soil inoculum. The 
presence of these fungi suggests that the old-growth forest 
supports EM fungal propagules that are unable to naturally 

Table 4  Shoot, root, and root + shoot (total) biomass, as well as root:shoot 
ratio of Pinus strobus (pine) seedlings grown with the soil microbial com-
munity associated with EM Betula lenta (birch) and AM Acer spp. (maple) 
trees in a secondary, maple-dominated forest at Mianus River Gorge, Bed-

ford, NY. Treatment indicates the addition of old-growth soil inoculum (old 
growth), or sterilized soil (control) collected from an old-growth EM-dom-
inated forest adjacent to the secondary forest

Significance of two-factor ANOVA for each variable is indicated as follows: nsp ≥ 0.05, ***p < 0.001, and letters indicate significant (p < 0.05) 
Tukey HSD pairwise groups following significant ANOVA (p < 0.05)

Soil Treatment n Shoot (g ± SE)*** Root (g ± SE)*** Total (g ± SE)*** Root: shoot (± SE)ns

Birch Control 19 0.21 ± 0.03ab 0.16 ± 0.02a 0.37 ± 0.04ab 0.86 ± 0.06
Old growth 22 0.39 ± 0.06c 0.34 ± 0.06b 0.73 ± 0.11c 0.84 ± 0.03

Maple Control 20 0.15 ± 0.01ab 0.11 ± 0.01a 0.26 ± 0.02a 0.74 ± 0.03
Old growth 18 0.31 ± 0.07bc 0.23 ± 0.05ab 0.54 ± 0.12bc 0.77 ± 0.04

Sterile Control 19 0.13 ± 0.01a 0.11 ± 0.01a 0.24 ± 0.02a 0.84 ± 0.04
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disperse (Peay et al. 2010), or if able to disperse cannot lie 
dormant in the secondary forest. These additional taxa may 
be important for EM seedling establishment since the addi-
tion of old-growth soil inoculum corresponded to consider-
able increases in the growth of pine and hemlock seedlings 
relative to growth in birch or maple soil alone.

Soil inoculation is context dependent (Hoeksema et al. 
2010), in which some studies show positive effects on the for-
mation of mycorrhizae of planted seedlings (Amaranthus and 
Perry 1987; Cortese and Bunn 2017) while others show no 
measurable effect (Sýkorová et al. 2016; Grove et al. 2019). 
The introduction of new EM fungal taxa and increased seed-
ling growth response suggest inoculation can be effective in 
AM-dominated forests with low EM fungal inoculum (Policelli 
et al. 2020). The dominance of AM trees could be the result of 
pervasive land use legacies (Flinn and Marks 2007) that limit 
the natural recolonization of EM trees (Rogers 1978; Ribbens 
et al. 1994; McEuen and Curran 2004) in conjunction with dis-
persal limitations of EM fungi (Peay et al. 2010). These effects 
may not be consistent among all EM trees, where birch may 
be well-adapted to recolonization due to broad seed dispersal 
(Matlack 1989) and the ability of seedlings to establish in sites 
with low EM fungal inoculum (Collier and Bidartondo 2009). 
The apparent lack of EM fungal propagules compatible with 
hemlock and pine within the maple-dominated forest demon-
strates that the low EM fungal inoculum in some secondary 
forests may preclude the successful establishment of EM coni-
fers in otherwise favorable sites. This, in conjunction with the 
ability of maple to produce large quantities of seed capable 
of establishing in undisturbed leaf litter (Frelich et al. 1993; 
Abrams 1998; Southgate and Thompson 2014), may contribute 
to the continued dominance of AM maple while concomitantly 
limiting the natural recolonization of EM conifers in AM-
dominated secondary forests. Planting EM conifer seedlings 
with soil inoculum from a reference site, or in the vicinity of 
existing EM trees are two restoration strategies that can ensure 
access to critical EM fungi and support their establishment.

Conclusion

Secondary maple-dominated forests appear to lack sufficient 
EM fungal propagules to support pine and hemlock seedlings 
except in the vicinity of scattered EM trees. Due to effects 
on growth, seedling establishment may be limited by access 
to EM fungi in these locations. However, the addition of 
soil inoculum from an old-growth forest resulted in greater 
overall EM fungal diversity as well as seedling growth. The 
reduction of EM fungal propagules in secondary forest soils 
may be yet another legacy of pervasive land use in the eastern 
deciduous forest, with implications for the natural regenera-
tion, as well as the restoration of EM conifer trees following 
agricultural land abandonment.
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