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Abstract

Many species of wood-inhabiting fungi, particularly in the boreal forests of Nordic countries, face significant extinction
risks. The historical impact of commercial forestry has led to fragmented old-growth forests, meaning that species lost from
these areas may not naturally return to newly protected habitats. This study investigates the potential of inoculation as a
management tool to aid the reintroduction of threatened fungal species. Specifically, we tested whether red-listed fungal
species associated with dead pine wood could successfully establish in inoculated pine logs and identified factors influencing
inoculation success. We cultured mycelium from five target species (Anthoporia albobrunnea, Antrodia crassa, Antrodia
infirma, Crustoderma corneum, Dichomitus squalens) and inoculated pine logs in selected forests, monitoring log
characteristics and conducting DNA analysis of the fungal community before and after inoculation. Our findings
demonstrate that all species successfully established in at least some of the inoculated logs (28—60% success), with variable
effects of log characteristics on fungal abundance. Additionally, the presence of certain fungi correlated with the success of
the inoculated species. These results suggest that inoculation can be a promising method for aiding the recovery of
threatened wood-inhabiting fungi in appropriate forest habitats. Long-term monitoring is necessary to assess fruiting success
and population sustainability, while further exploration of alternative techniques could enhance the effectiveness of
reintroduction efforts in forest management practices.
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Introduction

Current forestry practices are destroying vast habitats
through tree clearing and management strategies that leave
minimal deadwood. Unmanaged boreal forests can have
50-120 m* of deadwood per hectare (Siitonen, 2001), while
commercial forests contain only 5-7m’ (Jonsson et al.,
2016; Korhonen et al., 2021). In Finland, only 13% of
forests are protected (Natural Resources Institute Finland,
2022), leaving the rest available for logging.

An estimated 4000-5000 Finnish species, including
many wood-inhabiting fungi, depend on deadwood
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(Siitonen, 2001; Stokland et al., 2012). These fungi face
local extinctions as they exhaust substrates and can only
survive by colonizing new ones (Jonsson et al., 2008).
Fragmentation of old-growth forests particularly threatens
red-listed species (Penttil4 et al., 2006; Abrego et al., 2015;
Nordén et al., 2013), making consistent deadwood avail-
ability crucial for landscape-level management. Polypore
species (Basidiomycete fungi with the spore-bearing surface
consisting of pores or tubes) diversity is highly dependent
on diverse and abundant deadwood, with many red-listed
polypore species only persisting in forests with many times
higher amounts of deadwood than found in managed forests
(Penttild et al., 2004; Junninen & Komonen, 2011). For
pine-inhabiting fungi, deadwood quality is even more
important than for fungi inhabiting other boreal tree species
(Niemeli et al., 2002).

Fungal conservation is an emerging area in biodiversity
management, with global fungal red-listing only becoming
prominent in 2019 (Pasailiuk et al., 2022). In-situ and ex-
situ fungal conservation have a shorter history compared to
plants and animals (Pasailiuk et al., 2022). However,
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building fungal conservation capacity is critical for biodi-
versity and ecological preservation. To conserve rare and
threatened fungi, habitat loss must be stopped, and more
protected forests must be created. Forest management
should actively promote deadwood accumulation, a major
goal in Europe’s boreal forests (Simild & Junninen, 2012),
and even supplement natural processes (Lonsdale et al.,
2008). However, habitat protection alone may not suffice to
conserve red-listed fungi (Pasanen et al., 2014), which
include 40% of Finnish polypores (Kotiranta et al., 2019).
Dispersal limitation is a challenge, as spores typically travel
only a few meters, preventing fungi from colonizing frag-
mented landscapes (Moykkynen et al., 1997; Nordén &
Larsson, 2000; Norros et al., 2012), and though some spores
travel further, dispersal is driven largely by stochastic pro-
cesses and can, at the landscape scale, be limiting at the tens
or hundreds of meters range (Peay & Bruns, 2014). Ger-
mination requirements and competition also reduce fungal
colonization (Edman et al., 2004). Reintroduction of species
can be an effective complementary conservation strategy
when used appropriately (IUCN/SSC, 2013). Although
limited, studies suggest fungal inoculation is a viable tool
for forest biodiversity restoration (Pigtka, Grzywacz (2005);
Pietka, Grzywacz (2006); Abrego et al., 2016), and interest
in the method is growing (Nordén et al., (2020)).

Log characteristics and microclimate influence fungal
growth (Rayner & Boddy, 1988). Many species have spe-
cific substrate preferences and are sensitive to wood con-
ditions (Toljander et al., 2006). Tree diameter is a key
factor; rare wood-decay fungi are often found more in large-
diameter trees (Renvall, 1995; Stokland & Kauserud, 2004,
Penttild et al., 2013), but species richness is generally higher
in smaller trees when compared per volume unit (Heilmann-
Clausen & Christensen, 2004; Juutilainen et al., 2011), even
for red-listed species, some of which occur on small bran-
ches (Martikainen et al., 2000; Korhonen et al., 2024). This
highlights the need for variable deadwood sizes to support
diverse species.

Decay stage of the host log also impacts the fungal
community. Regarding threatened wood-decaying fungi,
fruit body surveys show that there is a trend of higher
occurrence for logs with intermediate or late decay levels
(Bader et al. 1995, Renvall 1995, Junninen & Komonen,
2011) and in Norway spruce (Picea abies) logs there is
generally high species and sporocarp richness at the
intermediate decay stages (Bader et al. 1995, Jonsson
et al. 2008). However more recent DNA sequencing has
shown that, while overall fungal richness is highest in the
later stages, known wood-decayers (mainly Basidiomy-
cetes) are most abundant in earlier decay stages (Kubar-
tova et al. 2012). Lab studies suggest that late-stage
fruiting fungi may outcompete early-stage fungi (Holmer
& Stenlid, 1997), meaning rare fungi could exist as
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mycelia in early stages but only fruit when conditions
change.

In this study, we investigated the reintroduction potential
of five species of locally red-listed (Kotiranta et al. 2019)
wood-decay fungi (Anthoporia albobrunnea, Antrodia
crassa, A. infirma, Crustoderma corneum, and Dichomitus
squalens). The first four are specialists of fallen kelo logs.
These logs are formed from decorticated pine (Pinus syl-
vestris) snags (kelo in Finnish) which stand vertically even
for decades after death, decaying slowly and dropping all or
most of their bark before finally falling down (Niemel et al.
2002). The fifth species (Dichomitus squalens) prefers
storm damage and forest fire areas with abundant dead
conifer wood.

The aim of this project is to test the inoculation method
for conserving threatened fungi associated with pine kelo
trees in southern Finland. It also explores ecological factors
influencing inoculation success, specifically decay stage,
tree diameter, and wood quality (kelo vs. regular wood).

Building on Abrego et al. (2016), we hypothesize that
these fungi can be successfully reintroduced to forests via
log inoculation. Although the species in our study are
typically found on more decayed logs, we hypothesize that
fungi inoculated into decay stage one logs will perform
better than those in decay stage two. In Abrego et al. (2016),
inoculations of spruce-living polypores (mostly late-fruiting
species) were most successful in stage one logs. We
hypothesize that log diameter will have no impact on the
initial establishment success, becoming important only later
in life for our species, but we hypothesize that fungi
inoculated on kelo logs will have an advantage allowing
them to establish better than those inoculated on regular
pine logs.

Material and methods
Fungal species and forest sites

For our reintroductions, we used five red-listed pine spe-
cialist basidiomycete species (Anthoporia albobrunnea,
Antrodia crassa, Antrodia infirma, Crustoderma corneum,
Dichomitus squalens). One of them (D. squalens) is a
white-rot fungus and the rest brown-rot fungi. We used
multiple strains of every species, to address genetic diver-
sity (Table 1).

Our inoculation work was done in four protected forest
sites from southern and central Finland: Rokua National Park
(64.55° N, 26.51° E), Nuuksio National Park (60.29° N,
24.55° E), Keurunmiki-Haavikkolehto (62.54° N, 26.91° E),
and Petkeljdarvi National Park (62.59° N, 31.17° E). All sites
are state owned and managed by Metsdhallitus, the Finnish
Forest Administration. The forests were chosen not to
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Table 1 The date, locality, and
coordinates of the origin place

where each strain was collected.

Fungal strains used in the study
were collected from different
parts of southern or central
Finland

Species Strain ID Date of first culture Municipality Coordinates
(WGS84)
Anthoporia albobrunnea JPC 133 September 2018 Kuhmo 63.9871, 30.3417
JPC 99 September 2018 Kuhmo 63.9864, 30.3468
JPC 51 September 2018 Hiameenlinna 61.2409, 25.0634
JPC 49 October 2018 Lieksa 63.1497, 30.7024
Antrodia crassa OMC 1865 October 2018 Suomussalmi 65.4654, 29.2539
JPC 178 October 2018 Suomussalmi 65.4441, 29.6026
JPC 171 October 2018 Suomussalmi 65.4441, 29.6026
Antrodia infirma JPC 54 August 2018 Sotkamo 63.8810, 29.1182
JPC 58 September 2018 Kuhmo 63.9904, 30.3332
JPC 17 October 2018 Kuhmo 63.9851, 30.3428
JPC 137 October 2018 Lieksa 63.1498, 30.7199
Crustoderma corneum JPC 176 October 2018 Lieksa 63.1486, 30.6910
JPC 130 October 2018 Suomussalmi 65.4452, 29.5991
JPC 182 October 2018 Ikaalinen 61.9113, 23.4065
JPC 183 October 2018 Tkaalinen 61.9118, 23.4049
Dichomitus squalens JPC 154 October 2018 Tlomantsi 62.9394, 31.4287
JPC 138 October 2018 Ilomantsi 62.9378, 31.4307
JPC 140 October 2018 Tlomantsi 62.9995, 31.4138

represent high-quality old-growth forests with a very long
continuity and abundance of deadwood and associated fungal
species. Rather, they are pine-dominated, protected forests
which contain enough slightly decayed deadwood for the
inoculation purposes and deadwood continuum in the future.
In addition, we reviewed results from the fungal inventories
made in previous years to confirm that the sites have no or
very few findings of the inoculated species.

Before inoculations, all study logs were surveyed care-
fully to verify that they did not host fruit-bodies of the
inoculated species. In addition, the forest site and its
immediate surroundings (~100 meters away from each
inoculated log) were surveyed with the intention to select
areas without or with a very low abundance of the target
species. Surveys revealed presence of target species in low
quantities in some of the sites; Antrodia crassa was found
once (Petkeljarvi National Park), Antrodia infirma was
found twice (Rokua National Park), Crustoderma corneum
was found twice (Petkeljarvi National Park and Keur-
unmiki-Haavikkolehto), and Dichomitus squalens was
found once (Nuuksio National Park).

Cultivations in the laboratory

After strains were gathered from the field, pure cultures
were produced by adding internal pieces of the fruit body or
spores released form fruit-bodies to Petri dishes of 2% malt
extract agar (MEA) and transferring clean hyphae to a new
similar MEA dish. Mycelia on agar plates were allowed to
grow out to have enough starting biomass for use, between

two weeks and one month for these species. DNA was
extracted from the hyphae of the pure cultures, according to
the manufacturer’s instructions (FastPrep), and Sanger-
sequenced to verify species identification (See Appendix 1
for more details).

Each fungal strain was cultivated on five MEA Petri
dishes. The dishes were then used to inoculate first stage
spawn, as this is standard practice in mushroom spawn
production for quick and reliable dowel colonization. In this
case, we used rye grain that had been soaked to the
appropriate moisture content and then sterilized at 121 °C
and 15 PSI for 3h and 20 min. After the grain was fully
colonized by mycelium, it was used to inoculate the final
spawn. In this case, we used 1 x 5 cm round dowels made of
pine wood. The dowels were soaked to reach a suitable
moisture content (~60%), and then sterilized at 121 °C and
15 PSI for 2h and 40 min. Myceliated grain spawn was
added to the prepared dowels at a rate of around 5%.
Mycelium was then allowed to grow on the dowels until
fully colonized, at which time they were packed into smaller
bags to carry to the forest sites. Both stages of spawn —
grain and dowels — grew for 1-3 weeks each.

Inoculations and other measurements in the field

For every species, we inoculated the fungi into kelo logs,
the natural preferred substrate of the fungi, and normal pine
logs with more or less intact bark (Table 2). It was not
possible to inoculate Antrodia infirma to any logs in Pet-
keljarvi National Park, because according to prior
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Table 2 Number of kelo and

. . Site
normal pine logs inoculated per

species in each site

Rokua National

Kelo/Non-kelo

Nuuksio
National Park
Kelo/Non-kelo

Keurunmiki- Petkeljarvi National
Haavikkolehto Park

Kelo/Non-kelo Kelo/Non-kelo

Park
Species
Anthoporia 4/4
albobrunnea
Antrodia crassa 4/4
Antrodia infirma 4/4
Crustoderma 4/4
corneum

Dichomitus squalens  4/4

4/4 4/4 4/4
4/4 4/4 4/4
4/4 4/8 0/0
4/4 4/4 3/4
4/4 4/4 4/4
4/4 4/4 5/4

Control 4/4
O .
3 drilled holes
Inoculation points »Ci/O } per point

3cm

, a&&aagaaaa
Stfam{1321312213
number, eg

Fallen pine log

Fig. 1 Layout for inoculations into pine logs. Altogether 60 dowels
(2 per hole) including one of the fungal species were put inside
each log

information the species was recently found in high abun-
dance (~10 occurrences) in that forest. To compensate for
less A. infirma inoculations there, extra logs in Keurunmaki-
Haavikkolehto were inoculated with A. infirma. None of the
logs that were inoculated were found to contain the target
species, except for one log which after DNA analysis
showed a small presence of A. infirma before the
inoculation.

Inoculations were carried out between August and
October of 2020. Each log had ten inoculation points, each
of which consisted of three holes in a triangle shape, and
inoculation points spaced one meter apart (Fig. 1). Inocu-
lation was carried out by first drilling a hole, inserting two
dowels per hole to inoculate 10 cm deep, and hammering
them into the hole with a mallet, and covering the point with
garden wax (Neko Ab, Finland). We added one species per
log, and every strain of that species was inoculated into each
log, in randomly assigned alternating patterns. We also
created control logs, in which we drilled the same pattern of
inoculation points, but added only uninoculated dowels.
Sawdust drilled out from each log was collected and com-
bined to one sample and transported to subsequent labora-
tory analysis.

At the time of inoculations, we collected data on the
characteristics of each log: whether the log was fallen just
above the base of a tree or uprooted, diameter in cm (i.e.,
1.3 m from the base of the tree), decay stage, log contact
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with the ground (%), and intact bark cover (%). Decay
stage, the level of decomposition in a log, was determined
using a five-level classification system (Renvall, 1995) in
which decay stage 1 is the least decayed and stage 5 is the
most decayed.

One year after inoculations were carried out, we returned
to the field sites to take samples from the inoculated logs.
Samples were taken similarly to the previous ones. We
drilled out sawdust at two holes per inoculation point,
where each new drill hole was situated in line approxi-
mately 1.5 cm away from the dowels, one in between the
single top hole and the right-hand bottom hole, and one in
between the two bottom drill holes. Again, all sawdust
samples per one log were combined and sent for subsequent
laboratory analysis.

Laboratory processing

In the laboratory, sawdust samples from both the time of
inoculation and one year later were prepared for DNA
analyses by first applying parafilm to the tubes and freeze
drying (62-92 h at 0.57 mbar vacuum and shelf temperature
of 15°C). Then samples were placed into metal grinding
jars (washed with DNA/RNA decontamination solution)
with heat sterilized metal balls (a mix of 2 and 10 mm).
Using a Mixer Mill MM 400 (Retsch) homogenizer, sam-
ples were pulverized at a frequency of 30s™' for five
minutes at a time, for a total time between 5 and 30 min, as
needed to reach fine enough consistency. Pulverized sam-
ples were then added to the final tubes (2 ml sawdust each)
to be sent for DNA extraction and analysis, which was
carried out at the Canadian Centre for DNA Barcoding
(extraction and amplification) and the Advanced Analysis
Centre (next generation sequencing) at the University of
Guelph, Canada. We used the internal transcribed spacer 2
(ITS2) region with spiking approach for DNA analysis and
quantitative estimates (see Ovaskainen & Abrego 2020).
Additional details can be found in Appendix 1. DNA
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sequences can be accessed at NCBI Sequence Read
Archive, Project: PRINA1096717.

Bioinformatics

Bioinformatics was performed using a development version
of the OptimOTU pipeline, as described briefly in Saine
et al. (2024), with some additional modifications. In over-
view, the steps of the pipeline included trimming, quality
filtering, denoising, and merging of raw paired end reads to
form amplicon sequence variants (ASVs); additional trim-
ming and removal of positive control sequences and chi-
meric sequences from the ASVs; taxonomic identification
using ProtaxFungi (Abarenkov et al. 2018); taxonomically-
informed clustering to form OTUs; removal on non-fungal
OTUs; and assignment to ecological guilds using the
FUNGuild database (Nguyen et al. 2016).

When available, Sanger sequences of the strains used in
the study, as well as additional sequences of the target
species from the Natural Resource Institute Finland’s
internal culture collection, were incorporated into the Pro-
taxFungi reference database prior to taxonomic identifica-
tion in order to improve identification of these species. For
several of the target species, the ProtaxFungi database used
a synonym for the species (Appendix 1). The ProtaxFungi
version of the classification was used for additions to the
reference database, but results for these species are reported
using the currently preferred names, and synonyms were
identified using MycoBank (Robert et al. 2013). Additional
details on the bioinformatics process are in Appendix 1.

Data handling and statistical analyses

The term ‘success’ was used to describe the occurrence and
relative abundance of OTUs of the inoculated fungal spe-
cies, indicating the ability for the mycelium to grow at least
1.5cm away from the inoculation points (determined by
presence of the inoculated species after sequencing in a
combined and homogenized sample along the log).

First, we compared presence of target species before and
after inoculation, by counting the number of logs which did
not contain any reads of the target species before inocula-
tion and counting how many of those same logs contained
reads of the target species one year after inoculation. Then
we calculated what percentage of logs showed any degree
of colonization.

Since some log characteristics correlated strongly with
each other (Appendix 3), only uncorrelated explanatory
variables (r<0.5) were included in statistical models.
Before running models for log characteristic-based success,
the OTU raw data was translated into quantitative estimates
using the values from the spiking approach (where a known
quantity of positive control was included to account for

sequencing depth, detailed in Appendix 1). These quanti-
tative estimates are referred to as “abundance” throughout.
We used generalized additive mixed models (GAMMs)
with Gaussian distribution to test the effect of log char-
acteristics on the abundance (quantitative estimates of
OTUs) of the inoculated target species — each species
separately — in the statistical program R version 4.2.1 with
gamm4 package (R Core Team 2022, Wood & Scheipl
2020). As explanatory variables we included (1) wood
quality (a factor with two levels: O=not kelo, 1=kelo) (2)
decay stage (a factor with two levels: 1=decay stage 1,
2=decay stage 2), and (3) diameter (cm) as a smoothed
term. We could not include bark cover, ground contact, and
method of tree falling (broken or uprooted) in the models, as
they were strongly correlated with the kelo factor or other
variables included in the models (Appendix 3). The forest
site was included as a random factor in the models. For A.
albobrunnea, the model could not be estimated because of
the low number of successful observations. We checked all
models using gam.check and plot.gam from mgcv package
(v1.8-34; Wood 2011) to evaluate indicators of model
success such as edf and k-index, and to visually inspect the
residuals plots to ensure that model assumptions were ful-
filled. Figures of the log characteristic models were drawn
with the package ggplot2 (Wickham 2016) using predicted
values and associated standard errors from the predict.gam
function in the mgcv package (v1.8-34; Wood 2011).

We separately investigated whether the fungi already
present within the log had any positive or negative asso-
ciations with the establishment success of our inoculated
species. For this analysis, we first removed species which
were likely to be contaminants, such as lichens and liche-
nicolous fungi. We then combined species into genera to
decrease the high presence of zero values and get more
accurate models. We only included genera that occurred in
at least 50% of our observations and with a prevalence of at
least 0.5% in the total OTU counts in our models. For the
statistical analysis, we used joint species distribution mod-
els, which are multivariate hierarchical generalized linear
mixed models fitted with Bayesian inference (Ovaskainen &
Abrego 2020), using the Hmsc R package, version 3.0-13
(Tikhonov et al. 2022). For each model set -consisting of
one model per genera, and of which there was one set per
inoculated species- we used the abundance of each other
genera (read counts) present in the log as the response
variables and the occurrence of our inoculated species,
recorded as absence or presence, as the explanatory vari-
able. Total read count was included to account for
sequencing depth, and the random factors were site (n =4)
and sample (n = 31 for Anthoporia albobrunnea, n = 32 for
Antrodia crassa, n =27 for Antrodia infirma, n =31 for
Crustoderma corneum, and n =32 for Dichomitus squa-
lens). A lognormal Poisson distribution was used to
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50.0

16
16
15
17
24

37.5

16
15
15
16
22

66.7

12
16
18
10
19

62.5

16
16
16
16
25

10

25.0

16
16
16
16
22

Kelo

37.5

333

50.0

56.3

31.3

Non-kelo

25.0 50.0 50.0 26.7 333

4

Fallen (uprooted)
Fallen (broken)
Decay Stage 1

58.8

10

11

43.8

70.0

68.8

11

31.3

5
7

45.8

40.9

63.2

12

72.0

18

31.8

14.3 44.4 22.2 50.0

20.0

10

2

Decay Stage 2

Shown here is the total number of logs inoculated for each characteristic by species, and “success”, which in this case, is the number of logs which had a detectable presence of the inoculated

species, regardless of quantitative estimates of abundance of that species as used in the models

estimate the models. The models were estimated by using
two Markov Chain Monte Carlo (MCMC) chains with
1,050,000 iterations. The first 150,000 iterations were dis-
carded as burn-in, and the rest were thinned by 300 yielding
altogether 3000 posterior samples per chain. Potential scale
reduction factor (PSRF) of parameters and posterior trace
plots were examined to verify the convergence of MCMC
chains (Ovaskainen and Abrego 2020, pp. 75-76). Finally,
variance partitioning in Hmsc R package, version 3.0-13
(Tikhonov et al. 2022) was used to estimate the explanatory
power of different factors within the log compared to all
other factors.

Results

One year after inoculations, a portion of the total inoculated
logs had a detectable presence of the target species:
Antrodia crassa (59%), Antrodia infirma (57%), D. squa-
lens (47%), C. corneum (36%), Anthoporia albobrunnea
(29%), broken down by log characteristics in Table 3. None
of the species were detected in the initial samples from the
control logs, but A. infirma was detected in two control logs
one year after “inoculation” with sterile dowels (no fungal
species).

While Antrodia infirma was found more often in inocu-
lated kelo than non-kelo logs (67% and 50% respectively),
growth in the kelo wood was significantly worse for this
species (p = 0.033) with an 82% lower abundance compared
to non-kelo wood (Table 4, Fig. 2). Inoculation in decay stage
2 had a significantly negative impact on A. infirma and
Antrodia crassa compared to decay stage 1 (p =0.033 and
0.015, respectively). Larger log diameter was significantly
positively associated with stronger establishment of A.
infirma and negatively associated with the establishment of
Crustoderma corneum (Table 4, Fig. 3). Other significant
results in terms of these variables were not found.

Our target species had largely variable associations with
other fungi in the logs (Table 5). None of the fungal genera
present had a significant interaction with the establishment
of Antrodia crassa. Mucor spp. had a weakly significant
(P =0.91) negative association (posterior probability) with
Antrodia infirma, and Tympanis spp. had a strongly sig-
nificant (P = 0.99) positive association with the establish-
ment of Anthoporia albobrunnea. Three fungal genera had
a significant positive association with Crustoderma cor-
neum, while Dichomitus squalens had six positively asso-
ciated genera.

Variance partitioning results indicate that fungal com-
munity composition has a stronger association with the
establishment success of the inoculated fungi, compared to
other variables we used to characterize logs and sites. At the
species level, community composition had a milder
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Table 4 The effects of log characteristics on quantitative estimates of relative abundance of inoculated species

Species N Intercept Wood is Kelo Decay stage 2 Diameter
Coeff. + SE P Coeff. + SE )4 Coeff. + SE P P
Antrodia crassa 32 —5.468 +1.635 0.002 0.723 £2.243 0.750 —6.463 +2.505 0.015 0.553
Antrodia infirma 28 5.108 +2.439 0.047 —3.344 + —-2.270 0.033 —4.329 + —2.270 0.033 0.010
Crustoderma corneum 31 —9.180 +2.354 0.001 0.634 +1.660 0.705 —1.439+1.936 0.463 0.003
Dichomitus squalens 32 —7.928 +2.362 0.002 1.070 £2.235 0.636 0.463 +2.753 0.868 0.131

Model coefficients (Coeff.) with standard errors of mean (SE) are presented, except for diameter, for which (as a smoothed term) only a p — value is

presented. Statistically significant results (p <0.05) are in bold
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Fig. 2 Predicted abundance (quantitative estimates of DNA) of
inoculated species a in pine logs with different wood qualities (when
the abundance in non-kelo has been set to 100), and b, ¢ in pine logs
with different decay states (scaled so that abundance in decay stage 1,
i.e., in less decayed logs, is 100). The figure was drawn using the

Antrodia infirma
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Fig. 3 Predicted quantitative estimates of OTU abundance of
a Antrodia infirma and b Crustoderma corneum relative to log dia-
meter, with values scaled to a maximum abundance of 100. The figure

association in the case of Antrodia crassa (32.9%), com-
pared to the rest in which the community accounted for
more than 50% of variation Fig. 4.

Discussion

Our study demonstrates that threatened pine-associated
fungal species can successfully establish in inoculated
pine logs, offering a viable management tool for their
conservation. The establishment success rates of these
species were comparable to the highest-performing
spruce-associated species and surpassed the lowest-
performing species in a recent study (Saine 2024). It is

Antrodia infirma

Decay class

45

Antrodia crassa
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75-

50-

25-
= 0- o

Decay class

calculated predicted values based on the estimated models, and stan-
dard error bars are from the SE of the predicted values. Figure a has

been calculated for decay class 2 with average log diameter, and figure
b was calculated with non-kelo logs with average log diameter

Crustoderma corneum
100-

75-
50-
25-
=]
o ] — —
20 25 30
Diameter (cm)

35

was drawn using the predicted values based on the estimated model,
and calculated for non-kelo logs in decay class 2. The shaded area
represents the standard error of mean of the predicted values

also possible that the colonization success rates we found
are underestimated, in case the inoculated fungi did sur-
vive without managing to spread 1.5 cm from the inocu-
lation point within the first year. There is not much
information on how far different fungal species can grow
within a natural wood substrate per time unit. A recent
study looked at inoculation of Porodaedalea pini (not our
target species) in living pine trees found an average
mycelial spread of 3.4 cm per year (Edman et al., 2024),
but spread in deadwood by different species could behave
differently. Therefore, a false negative could be possible
for exceptionally slow growing strains. Although certain
wood-decay fungi found in nature seem to have strong
preferences in terms of log characteristics based on fruit
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Table 5 These genera were found to be associated with the success of at least one of the rare

read counts. Read counts as used here was to control sequencing
depth, and is also shown to have some degree of explanatory power

inoculated species

Anthoporia
albobrunnea

Antrodia
crassa

Crustoderma | Dichomitus
corneum

Antrodia
infirma

Ascocoryne spp.

Cladophialophora spp.

0.91

Lachnellula spp.

Mucor spp.

0.91

Pezicula spp.

Tremella spp.

Tympanis spp.

Red signifies a positive association and blue signifies a negative association. Dark color indicates a stronger association (with a posterior
probability, P 20.95) and light color indicates a weaker association (0.90 < P < 0.95). Blank squares had no significant association. A complete list

of all genera analyzed is in Appendix 4

body surveys, our results indicate that those characteristics
are not strictly necessary and may not be necessary for
rare and threatened fungi to grow, if the opportunity to
colonize is presented - such as through inoculations.
Instead of log characteristics, factors inherent to the fungal
species, such as spore productivity, germinability, or
competition ability, may be more important drivers of
rarity than substrate requirements.

@ Springer

The result that inoculation at a later decay stage has a
neutral to negative impact on colonization success particu-
larly highlights the problem with assumptions made from
fruit body surveys, and reinforce the high throughput
sequencing observations (Kubartova et al. 2012) which
posit that many of the species can be present from early on,
with rare and threatened species even able to grow in the
primary colonization stage. For two species, decay stage
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was a significant predictor of success (Antrodia infirma and
A. crassa), and as hypothesized fresher wood was better,
similarly to other inoculations (Abrego et al. 2016). This
contrasts with the fact that A. infirma is documented natu-
rally occurring on quite rotten logs based on fruit body
surveys (Kotiranta, Niemela (1996), Niemeld 2016).

Kelo wood has often been considered a prerequisite for
the growth of some of our target species, but we found that
the inoculated fungi could grow on both qualities (kelo and
non-kelo logs). Contrary to expectations, in one instance,
Antrodia infirma, the inoculations were even less successful
on kelo wood in terms of quantity of mycelial growth based
on DNA extraction and sequencing.

We also found that large diameter did not have a uniform
impact across our tested species, and only effected the estab-
lishment success of Antrodia infirma and Crustoderma cor-
neum, positively and negatively, respectively. There are mixed
results based on fruit-body surveys in which some conclude
that threatened fungal species had an even greater need for
large diameter logs in boreal forests (Bader et al. 1995, Penttila
et al. 2013), while others found no such size preference among
threatened species (Heilmann-Clausen & Christensen 2004) in
a temperate forest study. One preference cannot be generalized
to all species within the categorization of “threatened fungi”, so
interspecific variation of the impact of a substrate characteristic
is not surprising. Even considering results from previous stu-
dies, it is hard to draw comparisons between our study — which
looks only at early mycelium growth — and fruit-body surveys.
Most of the hypotheses for why large logs could be important
for rare species are relevant to long-term persistence, such as
sufficient nutrient load and slower decomposition for slow
growing species, whereby the effect would matter only when
the mycelium is growing in the log for a longer time and
eventually, if ever, fruiting at a later stage (Heilmann-Clausen
& Christensen 2004). Further, we acknowledge that unknown,
correlated characteristics could contribute more to the effect on
growth, rather than larger diameter itself, but further controlled
study, and longer term follow up, would be needed to inves-
tigate the mechanism of action.

Conclusions we can draw from the effect of log char-
acteristics is limited, and further study is still needed to
isolate these characteristics for a more mechanistic
approach. Correlating characteristics, including but not
limited to those measured in our study (Appendix 3),
complicate the question even in field experiments. For
example, if the species are thought to be dependent on kelo
wood, but as found here, kelo wood is negatively correlated
with bark cover and uprooting, we cannot yet disentangle
which of those characteristics are important for the fungi
and to what degree. Because of the strong correlation
between size and age, it is difficult to distinguish what
characteristics have the most important effect on fungal
growth, as density, amount of heartwood, and bark

thickness all change with tree age (Stokland et al. 2012).
We found that decay stage has an impact on fungal estab-
lishment, but as with age, decay stage is correlated with
many other wood quality factors, including the preexisting
biotic community, discussed more below. Controlling some
of the log characteristics, such as using logs cut at the same
time, with similar diameter and bark cover could be a useful
approach to find more specific impacts of wood quality.
Biotic community composition seemed to be relatively
more important than abiotic log characteristics, as indi-
cated by the variance partitioning, which shows an
overall higher impact of resident fungi than found in a
similar study investigating biotic community and spruce-
associated fungal inoculations (Saine et al. 2025). By
assessing the model power within the HMSC framework,
we can determine that target species occurrence may be
more strongly explained by community interactions than
environmental filtering we can measure or random pro-
cesses (Ovaskainen et al. 2017) but deeper level inter-
action studies are suggested to parse specific community
effects on inoculation success, as directional causation
cannot be extrapolated from these results. While the
1.5cm distance between annual sampling points may
introduce some spatial variation, over such short dis-
tances the species pool should be very similar, especially
for dominant species. In this study, we found mainly
positive interspecific associations (Table 5). Dichomitus
squalens was positively associated with a relatively high
number of other fungal genera, and had no observed
negative associations. Research to disentangle wood
decomposition and inhabiting communities is still rela-
tively new (van der Wal et al., (2015), Fukasawa &
Matsukura 2021). The role of synergistic wood degra-
dation and nutrient sharing in a complex setting are only
beginning to be investigated, primarily in biotechnology
(Rodriguez et al. 2023, Sugano et al. 2021, Lin 2022).
The observed associations could result indirectly from
competition between other species or from a more direct
synergy, such as improved wood break-down, or other
mechanisms. They could even be an artifact of similar
preferences of species regarding log quality that our
study did not measure. However, there are no studies
investigating one-to-one species interactions between our
target species and community members from our sam-
ples. Also, relatively little is known about the ecological
roles of the resident fungi in our samples beyond inha-
biting wood, either as saprotrophs or pathogens. Here we
found that associations with some common wood inha-
biting fungi exist at the local scale of inoculation sites,
but to understand causal effects and interactions or a
broader representative community, future experimental
studies would need to be conducted. It is likely that other
species of Basidiomycetes play an important role in
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community interactions with our target species, but
unfortunately did not occur at a high enough frequency in
our samples to be used in reliable models. Finally, it is
crucial to note that this study did not account for bacteria
in the wood, which contributes significant influence on
the overall community assemblage and function (Emba-
cher et al., (2023b), Kobayashi & Crouch 2009).

Observational studies, which make up most studies
investigating rare and threatened fungi, have limitations
when studying functioning of interaction mechanisms
between species and environment. There has been a call for
experimental studies to investigate the causal relationships
between log characteristics and fungal performance (Stok-
land & Kauserud 2004). Our experimental study shows that
observed relational trends may be more indicative of
opportunistic selection or relative competitive advantage
than obligatory microhabitat selection and gives informa-
tion about which characteristics may be more or less
important for these species.

We conclude that inoculation is a promising method for
reintroducing wood-inhabiting fungi. In addition, promising
results from reintroduction experiments of threatened,
spruce-living wood-inhabiting fungi (Abrego et al. 2016,
Saine 2024) further underline the viability of this approach
in fungal conservation. However, we emphasize that long-
term monitoring is essential to assess the persistence and
spread of inoculated species over time. Initial establishment,
as measured in this study, is just the first step. For fungal
reintroduction programs, it is considerably more important
whether the fungi persist and spread in the logs long enough
to reach maturation and fruiting stages. For longer-term
growth and fruiting, both abiotic and biotic log character-
istics may have a greater impact than on initial
establishment.

Data availability

Sequence data of all collected samples used in this study
have been deposited at NCBI Sequence Read Archive under
the project code PRINA1096717.
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