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Hypholoma fasciculare is regarded as a potentially effective biocontrol agent against

Armillaria root disease. However, trials examining its effectiveness are currently limited

to controlled lab conditions and field studies conducted mostly during the summer

season. We examined the ability of H. fasciculare to survive and grow underground

during the winter and spring seasons to offer insight on its ability to provide year-round

protection. Pine blocks inoculated with H. fasciculare were buried in three thinned pine

plantations at 30 and 100 cm depths from February 1, 2018 to May 13, 2018 (101 days)

to examine how winter and spring soil temperatures at two different soil depths impacted

growth. A significant interactive effect of soil depth and month on soil temperature

(F3,40 = 15.94, p < 0.001) was observed. Mean growth rates did not vary significantly

between the two soil depths (F1,23 = 0.91, p = 0.393) as growth rates were 0.25 ± 0.11

and 0.31 ± 0.10 mm/day at 30 and 100 cm depths, respectively. Our study supports

developing H. fasciculare as a biocontrol agent against Armillaria root disease given its

ability to grow underground during the winter and early spring seasons, a period during

which Armillaria has a reduced growing capacity.
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INTRODUCTION

Hypholoma fasciculare is a promising biocontrol option against Armillaria root disease within
north temperate and boreal forests across North America. Armillaria root disease is caused
by an assortment of Armillaria species and resultantly, impacts a broad range of host species
(Raabe, 1962; Baumgartner et al., 2011). Our focus here is on Armillaria ostoyae, a highly virulent
pathogenic species that causes extensivemortality in pine plantations (Filip et al., 2010;McLaughlin
et al., 2011; Lockman and Kearns, 2016). Armillaria ostoyae can rapidly spread within conifer
plantations by means of root-to-root contact and via soil rhizomorph production (Toussoun et al.,
1970; Myren et al., 1994). Spread is particularly troublesome after thinning interventions due to the
sudden increase in inoculum potential.
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An acceptable silvicultural treatment to control the spread
of Armillaria root disease has remained elusive given its
aggressiveness, multiple modes of dispersal, and ability to persist
on infected stumps for more than 35 years (Redfern and Filip,
1991; Goheen and Otrosina, 1998). Treatment costs, ecological
impacts, and safety are also key concerns, making use of certain
mechanical techniques such as stump removal or soil fumigation
problematic (Baumgartner et al., 2011; Shaw et al., 2012; Chen
et al., 2019). Given these concerns, alternative management
approaches such as use of naturally occurring antagonistic fungi
as biocontrol agents is drawing more interest.

Hypholoma fasciculare has shown promise toward controlling
Armillaria root disease spread. Keča (2009) found that in-
vitro growth of H. fasciculare is stimulated by the presence
of Armillaria species, ultimately inhibiting Armillaria colony
growth and rhizomorph production. In other lab trials,
H. fasciculare outcompeted A. ostoyae on root segments buried
in sand maintained at 20◦C (Chapman and Xiao, 2000). Field
trials are limited, although Chapman and Xiao (2000) and
Chapman et al. (2004) inoculated stumps in recently cut conifer
stands with H. fasciculare, which prevented Armillaria growth
on root segments where both A. ostoyae and H. fasciculare
were inoculated. Root segments that had 50–80% coverage from
H. fascicularewere found to have∼10% of the cambium occupied
by A. ostoyae.

There are many potential climatic and environmental factors
that can limit the efficacy of H. fasciculare as a biocontrol agent
in field conditions that require investigation. Soil temperature,
for example, is critical for fungi establishment, growth, and
survival (Rishbeth, 1978; Wells and Boddy, 1995; Pietikäinen
et al., 2005; Voríšková et al., 2014). Growth rates of fungi
decline as soil temperatures decrease (Rishbeth, 1978; Pearce
and Malajczuk, 1990; Wells and Boddy, 1995; Pietikäinen et al.,
2005), and threshold temperatures wherein activity slows or
stops differ among species. Hypholoma fasciculare is still able to
decay wood at 5◦C (Wells and Boddy, 1995) while rhizomorph
production stalls as soil temperatures approach 10◦C or lower for
many Armillaria species (Rishbeth, 1978; Pearce and Malajczuk,
1990). Fungi growth may also be impacted by soil depth
given the differences in seasonal and diurnal fluctuations in
temperature and oxygen concentration at different depths within
the soil solum (Baker, 1971; Rishbeth, 1978; Carreiro and
Koske, 1992). Armillaria luteobubalina, for example, produces
significantly more rhizomorphs at 12 cm depth compared to
28 cm (Pearce and Malajczuk, 1990). Redfern (1973) reported
A. mellea rhizomorphs were concentrated between 2.5 and
20 cm soil depths and rarely found below 30 cm. Note however,
that Thompson and Boddy (1983) observed Armillaria species
occupying deeper sections of tree roots while cord-forming
fungi were concentrated around the root collar, suggesting that
interspecific interactions may influence establishment patterns
along the soil profile.

Few investigators have examined fungi activity in soil during
the winter and early spring months in north temperate forests
(e.g., Coutts and Nicoll, 1990; Kuhnert et al., 2012). In particular,
the lack of knowledge onH. fasciculare activity in pine plantation
soils during this dormant period for most north temperate

plants is an obstacle for its development as a biocontrol agent
against Armillaria root disease. The purpose of this study was
to determine if H. fasciculare continues to grow on pine blocks
buried at different depths during the winter and spring seasons,
and thus, provide evidence that it can offer year-round protection
against A. ostoyae infection of red pine plantations.

METHODS

Study Area
The study was conducted within red pine (Pinus resinosa)
plantations located in Simcoe County, Ontario, Canada. Pine
plantations make up ∼50% of all production forest across the
County (County of Simcoe, 2011). Three, even-aged mature
plantations were used for this study (Figure 1). Plantations were
∼60 years of age and were pre-commercially thinned from the
age of 30–35 years with∼9 years between thinning interventions.
Thus, each plantation has undergone multiple pre-commercial
thinning interventions, of which the three plantations were last
cut in 2009, 2013, and 2015, respectively. Basal area at the
time of sampling was 21 m2/ha for plantation 1 (44.628◦ N,
79.747◦ W), 30 m2/ha for plantation 2 (44.570◦ N, 79.654◦ W),
and 26 m2/ha for plantation 3 (44.539◦ N, 79.631◦ W). Field
observations confirmed the presence of Armillaria within the
plantations thinned in 2009 and 2013.

Armillaria root disease is an important natural disturbance
that impacts the majority of pine plantations across Simcoe
County to some degree, forcing an early removal of red pine trees
from many plantations to salvage the timber (McLaughlin, 2001;
County of Simcoe, 2011). Simcoe County is in the Mixedwood
Plains Ecozone of Ontario, Canada (Lee et al., 1998). Climate
in the region is cool temperate. Mean annual temperature is
6.9 ± 1.4◦C while mean January and July temperatures are
−7.7 ± 3.4 and 20.8 ± 1.3◦C, respectively (Government of
Canada, 2019). Mean annual precipitation is 932.9mm, with
∼76.1% falling as rain. General topography is flat to rolling.
Soils originate from glacial tils (Hoffman et al., 1962) and are
characterized as Vasl-s and Tisl sandy loams with good drainage
(Canada Department of Agriculture, 1959). The organic layer
within the plantations was 5.8 ± 0.8 cm, A horizon depth was
17.8± 4.8 cm, B horizon depth was 46± 18.5 cm, and C horizon
depth could not be fully measured but extended beyond the B
horizon depths.

Monitoring H. fasciculare Activity
According to Soil Temperature and Depth
Twenty-four pine wood blocks (2.5 × 2.5 × 20 cm) were
inoculated with H. fasciculare strain Pinnel B. This strain was
chosen based on in-vitro competition trials with Armillaria
ostoyae by Stevens (2019). An inoculum plug of H. fasciculare
(10mm) was obtained from a freshly cultured medium (2% Malt
Agar) and placed on one 2.5 × 2.5 cm end of each wooden block
(1 plug per block). The blocks were placed in a growth chamber
and incubated in the dark at 24◦C. The blocks were incubated
for 9.5 weeks (67 days) to ensure sufficient mycelium growth for
the field experiment (i.e., ∼25 % of each block was colonized
by H. fasciculare).
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FIGURE 1 | Location of sample sites for the deployment of soil temperature data loggers and inoculated wooden blocks (indicated in orange) within red pine (Pinus

resinosa) plantations located in Simcoe County, ON.

Four colonized blocks were buried at 30 and 100 cm depths
each in the three plantations from February 1, 2018 (mid-winter)
to May 13, 2018 (mid-spring). Blocks were placed ∼6 inches
apart at each depth. Soil horizons were not maintained during
the burial procedure of the blocks. Plot locations were randomly
chosen within each of the plantations and were separated by
∼2m. These two depths were selected for deployment because
red pine generally produce shallow horizontal roots for nutrient
uptake (20 ± 10 cm deep) and deep vertical roots for anchoring
(100± 50 cm) (Fayle, 1975).Hypholoma fasciculare growth along
each 20 cm block face (four sides lengthwise) was measured
and averaged before being buried horizontally underground.
The growth of mycelium from the block edge to the growth
front was initially measured before block placement and was
immediately re-measured upon retrieval to determine the growth
rate and overall growth achieved. Please note that positive
identification of Hypholoma was made using visual and scent
cues only. Cultures were not taken from the blocks after retrieval
leaving the potential that some of the growth was another
fungus species.

Concurrently within each plantation, two temperature probes
(OMEGA R© OM-SP-MICROTEMP) were placed in the soil near
the colonized blocks, one at 30 cm and one at 100 cm depths.
The data loggers collected soil temperature readings every 12 h
at 02:00 and 14:00 from February 1, 2018 to May 13, 2018. Thus,
203 measurements were obtained from each soil data logger over
the 101 day study period. Soil temperatures at the time of block
burial (February 1, 2018) were 1 ± 0.78 SE and 2.6 ± 0.48 SE ◦C
at 30 and 100 cm soil depths, respectively, and 7.5 ± 1.56 SE and
4.9 ± 2.19 SE ◦C at 30 and 100 cm soil depth, respectively, at the
time of block removal (May 13, 2018).

Statistical Analyses
Soil temperatures were averaged for each day as an initial
analysis concluded that there were no significant differences in
temperature readings between 02:00 and 14:00 h on a day at a
site (t = −0.225, df = 2278, p = 0.822). We compared mean
monthly soil temperatures between sites at each soil depth using
repeated measures ANOVA (α = 0.05). Impact of soil depth
(30 and 100 cm) and site influence on H. fasciculare growth
was examined using a nested ANOVA (α = 0.05). Burial depths
within each site were nested as a random factor to account
for the variation in Hypholoma growth between each site. A
Bartlett’s Test for Homogeneity of Variances indicated that the
data were homogeneic while Anderson Darling normality tests
indicated that the data were normally distributed. All statistical
tests were run using R Studio version 1.3.1093 (R version 3.5.3). R
packages used include carData (v 3.0-4), ggplot2 (v 3.3.2), lattice
(v 0.20-41), lmerTest (v 3.1-2), and nortest (v 1.0-4).

RESULTS

Soil Temperature and Depth
A significant temperature difference between month
(F3,602 = 449.955, p < 0.001) and soil depth (F1,602 = 30.907,
p < 0.001) was observed. A significant interactive effect of
soil depth and month on soil temperature (F3,602 = 169.653,
p < 0.001) was observed. Soil temperature gradually declined
over the course of the winter season at both depths, and then
increased more rapidly by mid-April at 30 cm than at 100 cm
(Figure 2). At 30 cm, soil temperature gradually declined until
April 19, 2018, reaching a low of 0.6 ± 0.37 SE ◦C. The nadir
for soil temperature at 100 cm depth occurred on April 26,
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FIGURE 2 | Mean monthly soil temperatures at 30 and 100 cm depths within

red pine (Pinus resinosa) plantations located in Simcoe County, ON. Black

bars indicate ±SE.

2018, reaching a low of 1.7 ± 0.20 SE ◦C. After April 26, 2018, a
rapid increase in soil temperature was observed at 30 cm depth,
which continued until the day the blocks were excavated. Soil
temperature increase during spring at 100 cm depth was more
gradual. Soil temperature at 30 cm depth was ∼1.6◦C colder
than at 100 cm depth until early spring when temperatures rose
sharply, eventually exceeding that observed at 100 cm depth.
At the time of block extraction soil temperature was ∼2.6◦C
warmer at the shallower depth.

H. fasciculare Growth in Response to
Burial Depth
No significant difference in H. fasciculare growth was observed
between 30 and 100 cm burial depths (F1,23 = 0.91, p= 0.393) or
between depths within sites (F4,23 = 2.05, p = 0.129) (Figure 3).
Inoculated blocks from plantation 1 were very moist at both
depths, which was indicative of the surrounding soil conditions.
The hyphae were clearly visible on the wood blocks extracted
from these sites (Figure 4) and had a very distinctive smell that
indicates its vitality as also noted by Chapman and Xiao (2000).
On drier blocks the growth appeared as dark coloration on the
wood. Hypholoma fasciculare at 30 cm depth grew an average
of 0.25 ± 0.03 SE mm/day whereas the H. fasciculare at 100 cm
depth grew on average 0.31± 0.03 SE mm/day.

DISCUSSION

Soil Temperature and Depth
Soil fungi activity is impacted by variation in soil temperatures
(Biederbeck and Campbell, 1973). Most research examining
temperature effects on soil fungi activity have focused on
growth during the summer growing season and/or maintained
constant temperature regimes in controlled laboratory studies
(Dowson et al., 1989; Pearce and Malajczuk, 1990; Chapman and
Xiao, 2000). However, wide diurnal and seasonal fluctuations

FIGURE 3 | Comparing total growth of H. fasciculare between 30 and 100 cm

soil depths during winter and early spring seasons from February 1 to May 13,

2018. Black bars indicate ±SE.

in soil temperature can occur in nature (Biederbeck and
Campbell, 1973). Thus, published results may not accurately
reflect fungi activity in sub-optimal conditions that occur
during the non-growing season within north temperate
pine plantations.

Our study has shown that soil temperatures within plantation
forests exhibit seasonal changes whose rate and amplitude are
dependent on soil depth. As anticipated, temperatures at the
shallower soil depth fluctuated more rapidly and with greater
amplitude than in deeper soil given the greater susceptibility to
changes in ambient air temperature. Deeper soils have a higher
insulation value, leading to warmer, more stable temperatures
over winter, and a slower rise in temperatures at the onset of the
spring season (Yin and Arp, 1993; Decker et al., 2003). In our
sites, soil temperatures were 1–2◦C higher at the deeper depth
during winter until the middle of spring, when shallower soils
warmed more quickly and surpassed maximum temperatures
observed at the deeper depth. The more rapid increase in soil
temperature at the shallow depth could be related to the absence
of snow cover during the month of May, allowing for greater
absorption of radiant heat.

H. fasciculare Growth in Response to
Burial Depth
The soil temperature lows reached during the winter and spring
seasons at both shallow and deep soil depths did not prevent
H. fasciculare growth. Mean growth rates of H. fasciculare
observed in our study (0.25± 0.11 SE and 0.31± 0.10 SEmm/day
at 30 and 100 cm depths, respectively) exceeded that observed
by Dowson et al. (1989) at 5◦C in-vitro on 2% malt extract
agar (0.2 mm/day). Differences in growth rates may be related
to the strain of H. fasciculare chosen in our respective studies
as variation in growth rates among fungi strains of the same
species can occur (Stevens, 2019). The strain used by Dowson
et al. (1989) was not indicated in their study. The ability of
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FIGURE 4 | Hypholoma fasciculare growth during winter and spring on pine block buried at 30 cm depth. The white hyphae indicate growth of H. fasciculare. The

area marked in red lines indicate the growth of H. fasciculare from February 1 to May 13, 2020.

H. fasciculare to grow during the winter and spring seasons takes
advantage of a period when Armillaria is believed to be dormant
due to low temperatures (Rishbeth, 1968, 1978). Resource capture
during this period would also reduce the inoculum potential
of Armillaria species when active during the growing season.
Moreover, H. fasciculare has been shown to overgrow Armillaria
species in lab-based interaction trials and may also parasitize
Armillaria as lysis was evident (Thompson and Boddy, 1983;
Chapman and Xiao, 2000; Stevens, 2019). Thus, inhibition of
Armillaria spread through pre-emptive resource capture by
H. fasciculare during winter may aid in reducing the inoculum
potential for Armillaria root rot throughout plantations.

No differences in growth rate in relation to soil depth were
evident, indicating that the significant differences in temperature
were not perceived by H. fasciculare. The activity observed at
deeper depths contrasts Thompson and Boddy (1983), who
suggest thatH. fascicularemay not persist in deeper root systems.
Documenting H. fasciculare activity at greater depths under
natural climate conditions during the winter and spring seasons
indicates that H. fasciculare may at least colonize unoccupied
roots and stump tissue (and thus perhaps function continuously
throughout the year as a biocontrol agent), at least to depths of
1m in the soil solum. This is important as Armillaria species
have been documented as being active within this range of soil
depths (Redfern, 1973; Thompson and Boddy, 1983; Pearce and
Malajczuk, 1990).

Note that near surface soil temperatures (≤10 cm depth) were
not monitored. Potentially colder soil temperatures and frozen
conditions could have impacted fungi activity near the surface
(Robinson, 2001; Decker et al., 2003; Ma et al., 2011). Further
study is needed to determine if H. fasciculare is tolerant of
sub-zero temperatures in addition to the mechanisms it would
use to maintain cell integrity. The rapid vs. slow change in
temperature during spring at the different depths did not appear
to impactH. fasciculare survival and/or growth rates. This agrees
with Burgess and Griffin (1968) who found that temperature

fluctuation does not affect fungal growth rate. Moreover, all
H. fasciculare colonies on all blocks used in our study exhibited
growth. However, although fungi growth rates were similar
among sites, qualitative differences in level of decay among
inoculated pine blocks were apparent. The pine blocks excavated
from a wetter site location (plantation 1) were very dark, moist,
and H. fasciculare hyphae were plainly visible at both depths.
Blocks from drier site locations (plantation 2 and 3) were lighter
in color, relatively dry, and the hyphae were less discernable.
The dark and moist wood blocks had a distinct odor where the
H. fasciculare growth established, similar to when H. fasciculare
is found on decaying roots, indicating that the Hypholoma was
active and healthy (Chapman and Xiao, 2000). This suggests
that the ability of H. fasciculare to decay wood was greater in
moist soil conditions, similar to observations by Dowson et al.
(1989) and Carreiro and Koske (1992), but that growth in dry
conditions may present survivability issues when Armillaria is
present given its growth capability in dry soils (McLaughlin,
2001). Our methods used here did not fully account for these
qualitative differences in growth and require further exploration.
This is particularly important given that soil moisture content
is expected to change with climate change (Kellomäki et al.,
2010), which could also impact soil basidiomycete activity,
function, as well as their interactions with other soil biota (A’Bear
et al., 2014). Thus, H. fasciculare may become an important
management option should conditions favor its growth given that
Armillaria activity is expected to increase with climate change
(Kubiak et al., 2017).

This research has potential benefits for forest managers in
terms of improving productivity and achieving other long-term
stand objectives across Southern Ontario and the Northern
United States. A biocontrol product consisting of H. fasciculare
could be applied to stumps after harvesting (during the summer
growing season) given that it has the capacity to grow year-round
within the stumps and thus provide long-term protection against
Armillaria infection. Challenges still exist for usingH. fasciculare
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strain Pinnel B as a biocontrol treatment against Armillaria root
rot. The inoculum would be applied to the stumps near ground
level which will expose Hypholoma to various types of weather
and temperatures that may be detrimental to survival. However,
Chapman and Xiao (2000) placed viable Hypholoma treatments
around the trunk base during the winter months when snow
was present, which suggests it can survive aboveground if proper
care is taken and the inoculum is grown on the proper substrate.
Further study to understand its long-term survival in other parts
of northeastern North America, examine H. fasciculare growth
rates during the summer growing season, determine whether it
can naturally establish and grow on red and white pine root
systems, examine the impacts of soil moisture and interspecific
competition on establishment success, and determine application
concentrations necessary for effective control is needed.
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