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ABSTRACT

In Nordic countries, Heterobasidion root rot is known as a widespread and severe disease affecting conifer trees
on mineral soils, while our understanding of its occurrence in peatland forests is more limited. This study
investigated the prevalence of Heterobasidion parviporum and H. annosum, along with common coexisting fungi in
disease centers, in six Norway spruce-dominated and two Scots pine-dominated drained peatland forests in
southern Finland. Among the 590 trees examined, Heterobasidion species were the most common fungi respon-
sible for root rot in both spruce and pine stands. In mature spruce stands, Heterobasidion sp. had infected an
average of 5.4 trees per hectare, and in pine stands, 4.5 trees per hectare. However, our results showed that
compared to mineral soils in the same region, Heterobasidion sp. was neither as frequent nor as dominant in
Norway spruce stands on peat soil. Furthermore, the absence of large multi-tree Heterobasidion genets in peatland
forests indicated restricted progression of Heterobasidion infections. Instead of Heterobasidion sp., Armillaria sp.
was the predominant decay fungus in three spruce stands and one pine stand, while Resinicium bicolor was
dominant in one spruce stand. Interestingly, Armillaria cepistipes, less pathogenic than A. borealis and rarely
causing decay on spruce on mineral soil, was the most common Armillaria species at peatland sites. Further in-
vitro-tests revealed that certain fungal isolates from the disease centers were highly competitive against
H. parviporum. These isolates included both basidiomycetes, such as Stereum sanquinolentum and Amylostereum
aerolatum, as well as the ascomycetes, Acocoryne sp., Leptodontidium elatius, and Rutstroemia calopus. Our findings
led us to speculate that the competitive ability of Heterobasidion sp. against coexisting fungi might be lower in
peatland conditions compared to mineral soils. Moreover, the potential risks and benefits of continuous cover
forestry (CCF) regarding Heterobasidion root rot are discussed. Considering the relatively low prevalence of the
pathogen in peatland forests and the more beneficial environmental effects of CCF compared to clear-cut-based
rotation forestry, CCF appears to be a viable management option in spruce-dominated stands on drained peat
soil. However, to ensure the health of peatland forests in the future, controlling Heterobasidion root rot is as
crucial on peatland as it is on mineral sites.

1. Introduction

In Finland, continuous cover forestry (CCF) is recommended as a
preferred forest management approach for peatland sites. In comparison
to the conventional even-aged silvicultural system with clearcutting,
CCF results in reduced greenhouse gas emissions, positive effects on
groundwater levels and water quality, as well as decreased silvicultural
costs (Nieminen et al., 2018; Saarinen et al., 2020; Lehtonen et al., 2023;
Laudon and Hasselquist, 2023). However, these numerous advantages of
CCF can only be fully realized when the forest is healthy and in good
growing condition.
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One of the most significant threats to the health of conifer forests in
the Northern Hemisphere is Heterobasidion root rot. In Finland, the
causal agents responsible for Heterobasidion root rot in living conifer
trees are Heterobasidion parviporum Niemeld & Korhonen and
H. annosum sensu stricto (Fr.) Bref. In Norway spruce stands, Hetero-
basidion root rot is mainly caused by H. parviporum, while in Scots pine
stands the causal agent is H. annosum (Korhonen, 1978a; Korhonen and
Piri, 1994). For Finnish forestry, the annual economic losses caused by
Heterobasidion root and butt rot due to decreased timber value are
estimated to be around 51 million euros; if reduced growth of infected
trees and indirect costs due to changing the tree species to a less
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productive one are included, the annual losses could exceed 80 million
euros (Hantula et al., 2023).

Heterobasidion spp. infect an initially healthy stand by means of
airborne spores, which colonize freshly cut conifer stumps and, to a
lesser extent, wounded roots, and deep logging injuries near to root
collar of spruce trees. Subsequently, the fungus spreads from the stump
roots or roots of the injured tree via root contacts to healthy roots of
neighboring trees within the same or the next tree generation (Redfern
and Stenlid, 1998; Stenlid and Redfern, 1998). If the susceptible tree
species cannot be replaced with a resistant one, there is a risk that
Heterobasidion root rot will develop into a chronic disease of the site
(Piri and Valkonen, 2013). For sites infested by H. parviporum, the most
resistant tree species are deciduous trees and Scots pine, while for sites
infested H. annosum, only deciduous trees exhibit resistance (Korhonen,
1978a). Unlike rotational forest management based on clear cutting,
changing the tree species is not a feasible option within CCF manage-
ment. This limitation complicates disease control once the pathogen has
entered the forest stand (Piri and Valkonen, 2013). Therefore, there is a
need to investigate both the current situation as well as alternative ap-
proaches for controlling the disease in peatland forests.

Compared to forests growing on mineral soils, our understanding of
the epidemiology of Heterobasidion root rot in peatland forests is much
more limited. A recent study conducted in southern Finland demon-
strated that both Norway spruce and Scots pine stumps are highly sus-
ceptible to Heterobasidion spore infection on drained peatland (Piri et al.,
2023). However, beneath the ground, the conditions for the pathogen
might be less favorable. Lindberg and Johansson (1991) reported that
infection of H. parviporum through bark wounds of Norway spruce roots
was less frequent on peat soil compared to mineral soil. Similarly, British
experiments have shown that the long-term survival of H. annosum in
Sitka spruce stumps was poorer, the mycelial spread of the fungus from
stumps to the adjacent trees less common, and the infected roots less
seriously damaged in peat than mineral soils (Redfern et al., 2010). On
the other hand, a recent Latvian study focusing on the identification of
Heterobasidion genets in peatland forests revealed that almost 70 % of
Norway spruces suffering from Heterobasidion root rot were infected
vegetatively through root contacts. This suggests that mycelial spread
can play a significant role in disease spreading in peat soils as well
(Gaitnieks et al., 2022).

So far, the incidence of Heterobasidion root rot in northern peatland
forests is poorly known. Furthermore, our understanding of the behavior
of Heterobasidion species within peatland conditions, particularly when
susceptible tree species are growing continuously, is restricted. Simi-
larly, more information is needed on other wood decay fungi that might
contribute to tree decline at peatland sites. Besides Heterobasidion spe-
cies, other pathogens causing noticeable conifer damages in boreal
forests are Armillaria spp. and Stereum sanguinolentum (Alb. & Schw. ex
Fr.) Fr. (Hallaksela, 1984; Piri et al., 1990; Solheim, 2006). In the case of
Armillaria spp., vegetative spread is mainly based on resistant mycelial
cords called rhizomorphs, and low soil pH, high soil organic matter
content (peat soils), and high soil moisture have been suggested to favor
their formation (Redfern, 1973; Kubiak et al., 2017). Moreover, the
non-optimal nutrient balance of peatland soils may enhance the spread
of Armillaria spp. by predisposing the trees to stress and weakening their
defenses, making them more susceptible to Armillaria infection (Kubiak
etal., 2017). In turn, S. sanguinolentum infection is typically initiated via
root and stem wounds (Vasiliauskas, 1998; Makinen et al., 2007), and
therefore might be expected to become more common due to CCF where
root and stem damages easily occur during selective felling (Fjeld and
Granhus, 1998; Modig et al., 2012).

Numerous fungal species have shown capable of acting as antago-
nists against Heterobasidion spp. (see Holdenrieder and Greig, 1998;
Woodward et al., 1998: Appendix II for a thorough list of laboratory
experiments and field observations), but thus far only the saprotroph
fungus Phlebiopsis gigantea (Fr.) Jiil. has been registered as a biocontrol
against the disease and is commonly used in practical forestry (Pratt
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et al., 2000). Although stump treatment with P. gigantea has generally
been found to be highly successful on mineral soil when conducted
properly (e.g., Korhonen et al., 1994; Ronnberg and Cleary, 2012;
Kenigsvalde et al., 2016), its efficacy in controlling Heterobasidion sp. on
drained peatland has proven to be more unsteady, likely due to different
environmental conditions (Piri et al., 2023). To develop biological
control in peatland forests, more information is required regarding the
competitive abilities between Heterobasidion species and other fungi
adapted to peatland conditions.

The aim of this study was: i) to elucidate the role of Heterobasidion
species as a decay fungus in northern peatland forests by examining their
prevalence in comparison to other decay fungi, and ii) to evaluate the
progression of Heterobasidion root rot by investigating the mycelial
spread of the pathogen in the root systems of spruce and pine trees, iii) to
identify other fungi than Heterobasidion spp. colonizing living trees in
disease centers, and iv) assess the capability of these fungi to act as
antagonists against H. parviporum.

2. Material and methods
2.1. Experimental stands

The study was carried out in six Norway spruce-dominated and two
Scots pine-dominated stands on drained peatland in the southern part of
Finland. According to the Finnish site type classification system (Laine
et al., 2018), the sites represent (from more fertile to less fertile): herb
rich spruce forest (Rhtkg), Vaccinium myrtillus spruce and pine forests
(Mtkg), and Vaccinium vitis-idea pine forest (Ptkg). Acidity of the soils,
measured as pH in water suspension, was typical for Finnish peatland,
varying from 3.6 to 4.1 (Silfverberg and Huikari, 1985; Westman and
Laiho, 2003). The thickness of the peat layer varied from 0.5 to more
than 2 m. Five stands were recently subjected to selection cutting with
the goal of creating an uneven-aged stand structure, while two stands
were subjected to clear cutting, and one stand (Lapinjarvi) was left
unharvested (Table 1). Therefore, most of the stands had freshly cut
stumps suitable for estimating the causative agent of decay in the living
trees (not representing secondary saprotrophic growth).

The drainage history of the study areas is not precisely documented.
Based on available information, in Poytya, Multia and Tammela, the
pristine mire was drained for forestry in the 1930s, in Janakkala in the
1940s, and in Suonenjoki, Asikkala, and Lapinjarvi at the turn of the
1950s and 1960s. Subsequently, ditch network maintenance operations
(including ditch cleaning and/or complementary ditching) were carried
out in Poytya 1964-66 and 1993 (summer ditching), in Asikkala 2021
(Feb/Mar), and in Tammela in the early 1970s. In Janakkala, the ditch
network was supplemented by digging additional drains in the early
1960s. Unfortunately, no information is available about ditch network
maintenance in Multia, Suonenjoki, and Lapinjarvi.

The nutrient status of the experimental stands was not defined in this
study. However, information from the pine stand in Poytya included the
results of a needle analysis conducted in 2018 as a part of previous
investigation, revealing a nutrient imbalance, i.e., high nitrogen but low
potassium and phosphorus contents (data not shown).

2.2. Establishment of study plots and sampling of trees and stumps for
decay fungi

Initially, the experimental stand was systematically examined for
signs indicative of Heterobasidion infection, including decayed stumps,
dead or windfall trees, trees with sparse crowns, stunted height growth,
exudation of resin on the stem, and the presence of fruit bodies (Greig,
1998). Trees and fresh stumps suspected of Heterobasidion infection were
marked with fiber tape for sampling. The standing trees were sampled
using an increment borer, extracting 2-4 wood cores from the base of the
trunk and one core near the root collars of 3-4 main roots. From freshly
cut stumps, a sample disc was sawn with a chainsaw from the stump base
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Table 1
Location and characteristics of the study sites.
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Study area Location Stand Stand Tree No. of investigated Diameter at stump Forest site Peat Soil Forest manag.
area, ha age species stumps/trees height, cm type” depth, m pH strategy*

Poytya 60°49.10° 3.2 85-140  pine 61 29 Ptkg/Mtkg ~ >2 NA" RF
22°25.56’

Multia 62°32.43 1.0 80-150 pine/ 46 37 Mtkg 0.6-1 NA CCF
24°34.44° spruce

Suonenjoki ~ 62°33.66 3.3 67-112 spruce 63 31 Mtkg 0.5 3.9 CCF
27°14.90°

Asikkala I 61°10.99° 5.0 100 spruce 47 31 Rhtkg/ >1 3.6 RF
25°16.13° Mtkg

Asikkala II 61°10.88 3.7 95 spruce 100 25 Rhtkg/ >1 3.7 CCF
25°15.62’ Mtkg

Tammela 60°38.46° 8.5 70/45 spruce 126 23 Mtkg 1.5-2 4.1 CCF
23°57.60

Janakkala 61°0.75 2.5 90 spruce 83 28 Rhtkg >1 3.9 CCF
24°44.59

Lapinjérvi 60°39.71° 0.7 70 spruce 64 32 Mtkg 0.7-1 4.0 RF
26°6.86

@ Forest site types: Ptkg = Vaccinium vitis-idea pine forest, Mtkg = Vaccinium myrtillus spruce and pine forests, Rhtkg = herb rich spruce forest

b data not available

¢ Forest management strategy: RF = continuous-cover forest management, CCF = clear-cut-based rotation forest management

just above the ground and near the root collars of the main roots.
Additionally, spruce undergrowth (1-2 m high) found in
pine-dominated sample plots in Multia, as well as spruce-dominated
plots in Tammela, were felled and sampled by taking disks from above
the ground level. The collected sample disks were placed in separate
paper bags and stored at +4 °C for further processing.

After confirming the trees and stumps infected by Heterobasidion sp.
(see the next chapter for details), a study plot was established around
each of them. The number of study plots (Heterobasidion disease centers)
ranged from O to 13 among the experimental forests (Table 3). Sampling
proceeded from the center point (tree or stump infected by Hetero-
basidion) outwards until at least two trees/stumps were found to be
healthy. All trees and stump on the plots were mapped, measured
(diameter at stump height) and sampled as described above. The area of
the sampling plots varied from approximately 80 to 1960 m> Hetero-
basidion infections were found in all experimental stands except in
Janakkala.

2.3. Identification of isolated fungi

In the laboratory, the core samples were cultured on 2 % malt extract
agar (MEA), and fungal mycelia growing from the wood samples were
isolated. The disks samples were washed, incubated, and sampled for
fungal mycelium, following the procedures described earlier (Piri et al.,
2021). The resulting pure cultures were identified using a combination
of morphological and molecular methods. Alongside the morphological
characterization of Heterobasidion sp. and Armillaria sp. (Hallaksela,
1984), 77 isolated mycelia were subjected to molecular analysis. Of
these, 59 mycelia were analyzed by ITS rDNA analysis. The highly
variable ITS1 and ITS2 regions and the conserved 5.8 S rDNA between
them were amplified by PCR using primers ITS1F (Gardes and Bruns,
1993) and ITS4 (White et al., 1990) annealing to the small and large
subunit rDNA -encoding sequences of the ribosomal gene cluster.
DreamTaq DNA polymerase (Thermo Fisher Scientific) was used for the
PCR as instructed by the manufacturer. The amplification products were
sent to Macrogen Europe for purification and sequence analysis in both
directions, and the obtained sequences were trimmed and aligned using
Geneious R10, analyzed against the GenBank and UNITE databases and
assigned to species according to their similarity with annotated se-
quences. In addition, 18 isolates morphologically identified as Armillaria
spp. were analyzed by sequence analysis of the Intergenic Spacer 1
(IGS-1) region of the nuclear ribosomal gene cluster amplified with
primers O-1 and LR12R as described earlier (Veldman et al., 1981;
Duchesne and Anderson, 1990; Anderson and Stasovski, 1992). This

region is suitable for determining the species identity of closely related
Armillaria species such as A. cepistipes Velenovsky and A. lutea Gillet, as
well as A. borealis Marxmiiller & Korhonen and A. ostoyae (Romagnesi)
Henrik.

To determine the frequency of secondary infections (mycelial spread
through root contacts) in relation to primary spore infections, the
number and size of the Heterobasidion genets were identified with the aid
of somatic incompatibility tests (Stenlid, 1985). Thereafter, a repre-
sentative from each genet was identified at the species level by pairing
tests based on their ability to heterokaryotize homokaryotic tester
strains of H. annosum s.s. and H. parviporum (Korhonen, 1978a).

2.4. Dual culture tests

To assess the competitiveness of H. parviporum, in vitro dual culture
tests were conducted to examine the interactions between
H. parviporum, and other fungi isolated in disease centers. In total, 11
fungi (17 strains) were included in the tests, comprising two commonly
occurring basidiomycetes. Additionally, the most frequently isolated
ascomycete (Ascocoryne sp.), as well as five fast-growing ascomycetes
and one fast-growing zygomycete, were tested. Each fungal strain was
paired with five different genotypes of H. parviporum, isolated during the
current study from spruces in the Asikkala and Tammela experiments.
The detailed list of the fungal isolates subjected to testing is provided in
Table 5.

All fungal cultures for dual culture tests were grown on Petri dishes
containing 2 % w/v malt-extract agar (MEA) for two weeks. Thereafter,
a mycelial plug with a diameter of 0.5 cm was removed from the margin
of an actively growing colony of H. parviporum and the test fungus. The
plugs were simultaneously placed on opposite sides of a 9-cm diameter
Petri dish containing 2 % MEA. Dual cultures with two plugs from the
same fungal strain (self-pairing) were used as a control. All dual cultures
were prepared in triplicate, resulting in a total of 277 dual cultures,
including controls. The dishes were incubated in the dark at +20 +/-
2 °C and kept in polythene bags to prevent drying out. The competi-
tiveness between H. parviporum and tested fungi was observed at 7-day
intervals for a period of up to 4-6 weeks, i.e., until the fungal colonies
had filled the plate and no further alternation in the interaction between
the fungal colonies was observed.

Interactions between H. parviporum and the tested fungi were
assessed as follows:
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e H. parviporum has ceased growth and is partially or completely
overgrown by the test fungus (strong biocontrol potential, signified
with 4 symbol in Table 5).

Neither species is capable of dominance over the other, and a thin
mycelium-free inhibition zone (deadlock) approximately 1-2 mm is
seen between the fungal colonies (moderate biocontrol potential,
signified with 0 symbol in Table 5).

The test fungus has ceased growth and is partially or completely
overgrown by H. parviporum (low biocontrol potential, signified with
- symbol in Table 5).

Mutually intermingling; both fungi grow into one another without
any macroscopic signs of interaction (only self-pairings used as
controls).

No attempt was made to quantify these observations.

After conducting the dual cultures test at +20 °C, an additional test
was carried out at +15 °C for six fungal species (consisting of 10 strains).
These fungal species have shown inhibition of growth and/or partially
or completely overgrowth of H. parviporum mycelium (interactions
0 and +) at +20 °C. The mode of interactions at +15 °C was evaluated
using the same method as in the test conducted at +20 °C, with the
exception that the final assessment was made after a three-month in-
cubation period.

2.5. Statistical analysis

A Spearman’s rank-order correlation, which is suitable for small
samples that do not meet the assumption of normality, was used to assess
the relationships between the frequency of trees infected by Hetero-
basidion sp. and other basidiomycetes, as well as the most common
ascomycete (Ascocoryne sp.) found in disease centers. These correlations
(between trees infected by Heterobasidion sp. and other basidiomycetes
as well as between trees infected by Heterobasidion sp. and Ascocoryne
sp.) were also calculated separately for the frequency of trees primarily
infected by Heterobasidion spores and those secondarily infected by
Heterobasidion mycelium. Additionally, correlations between the fre-
quency of the trees infected by Heterobasidion sp. or Armillaria sp. and
factors such as stand age, site fertility, and depth of the peat layer were
examined using the same method. The significant level for all tests was
set at p<0.05. The analyses were carried out using the SPSS statistical
package (SPSS Version 20.0 for Windows; SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Fungi isolated from the decay centers

A total of 452 spruces (199 stumps of freshly felled trees and 253
standing or windthrown trees) and 138 pines (136 stumps and 2
standing trees) were sampled for decay. The proportion of trees visually
classified as decayed averaged 55.3 % for spruce and 33.3 % for pine. No
decay was found in the understory of spruce trees (Multia and Tammela
experiments only). The total number of trees suffering from decay per
hectare varied among all study stands from 4.8 to 44.3 (mean 14.9). In
spruce-dominated stands, the number of decayed trees averaged 16.4,
and in pine-dominated stands, it averaged 8.4 per hectare.

Among the spruce stands, H. parviporum was the causal agent of
decay in 21.2 % of mature trees and stumps displaying visible decay or
discoloration. Following H. parviporum, the next frequently isolated
decay fungus was Armillaria sp. (A. borealis or A. cepistipes) occurring in
18.4 % of cases. In Suonenjoki and Multia, Armillaria sp. was the pre-
dominant decay fungus in spruce trees, and in Asikkala I, Armillaria sp.
was as prevalent as H. parviporum. Only two of the 18 Armillaria isolates
subjected to molecular analysis were isolates of A. borealis, both origi-
nating from the Lapinjarvi site. All the remaining ones were A. cepistipes
(8 isolates from Lapinjarvi, 3 from Suonenjoki, 2 from Multia, 5 from
Asikkala, and 3 from Janakkala).
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In addition to Heterobasidion and Armillaria species, 13 other basid-
iomycetes isolated from decayed wood were identified based on
morphological or molecular characterization. Most of the basidiomy-
cetes were common inhabitants of decaying conifer wood and clearly
distinguishable from their relatives based on ITS sequence information.
Some species known to prefer broadleaved trees (Hypholoma lateritium,
Trametes hirsuta) have been reported also earlier from Norway spruce
wood (Arhipova et al., 2011; Szczepkowski et al., 2022). The third most
common fungus causing decay in Norway spruce was Resinicium bicolor
(Alb.& Schw. ex Fr.) Parm. (11.6 %). In Janakkala, where no Hetero-
basidion root rot was found, R. bicolor was the most frequently isolated
fungus from Norway spruce. Other fungi isolated from more than one
spruce tree included Fomitopsis pinicola Fr. (Karst.) (12 isolates, 4.8 %),
Stereum sanguinolentum (10 isolates, 4 %), and Bjerkandera adusta
(Willd.) P. Karst. (3 isolates, 1.2 %). In the pine-dominated stand,
H. annosum was the dominant species isolated from 61.3 % of decayed
pines. The second most common was Armillaria sp. with 12.2 %
(Table 2).

In addition to wood-decaying basidiomycetes, several non-
pathogenic fungi, primarily ascomycetes, were isolated from spruce
wood. The most frequently encountered was Ascocoryne sp., isolated 33
times. Other taxa, including primarily blue-staining fungi, dark septate
endophytes and nectriaceous fungi such as Cadophora/Phialophora spp.,
Cosmospora sp., Cytospora sp., Graphilbum sp., Grosmannia piceaperda
and Ophiostoma piceae/flexuosum were detected with low frequency (in
total 9 isolates). Additionally, a zygomycete species, Umbelopsis sp., was
isolated from two trees. It should be noted that for the ophiostomatoid
fungi (e.g., species of Graphilbum, Grossmannia, Ophiostoma), tax-
onomical assignment beyond the genus level is often not possible based
on ITS sequences alone (Linnakoski et al., 2016; de Beer et al., 2022),
and therefore the taxonomic assignments reported here (supplementary
Table S1) are informative at the genus rather than species level.

It’s worth noting that all trees and stumps exhibiting visible decay or
discoloration did not yield any fungal mycelium, or the isolation at-
tempts were unsuccessful, and the specific causal agent could not be
determined. In cases where no fungal growth occurred, discoloration
was likely attributed to bacterial colonization or reaction wood
following an old injury (Isomaki and Kallio, 1974; Hallaksela and
Salkinoja-Salonen, 1992). In a total of 25.9 % of spruces and 5.1 % of
pines, visually classified as decayed, the causative agent could not be
identified.

The GenBank accession numbers (OR807764-OR807822) and results
of BlastN analyses of ITS rDNA sequences against the GenBank and
UNITE databases are listed in detail in Supplementary Table 1, and the
GenBank accession numbers of Armillaria spp. IGS rDNA sequences are
PP620461-PP620478. In the case of Armillaria, vegetative isolates are
diploid, which was reflected as nucleotide polymorphisms in some of the
IGS sequences at sites known to possess intraspecies variation in
A. cepistipes based on earlier research (Anderson and Stasovski, 1992).
These nucleotide positions were marked with ambiguity nucleotide
characters following the IUPAC nucleotide code nomenclature.

3.2. Prevalence and extent of Heterobasidion infections

In the seven experimental stands where Heterobasidion root rot was
observed, the density of Heterobasidion disease centers per hectare
ranged from 0.3 to 5.7, and the number of Heterobasidion infected trees
and stumps varied from 1.2 to 20 per hectare. On average, there were
5.4 infected trees per hectare in spruce-dominated stands and 4.5 in
pine-dominated stands (Table 3).

The maximum distance between pines infected by the same
H. annosum genotype was 9.5 m in Poytya and 15 m in Multia. Despite
the areal span of the genets, the number of trees infected by the same
H. annosum genotype was low, with a maximum of two trees, and 81.8 %
of genets in pine stands were single-tree genets. The average size of
Heterobasidion genets in pine stands was 1.28 trees.
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Table 2
Number of identified fungi in spruce and pine trees among study sites.
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Fungal species Experimental stand

Poytya Multia Suonenjoki Asikkala I Asikkala IT Tammela Janakkala Lapinjérvi
Basidiomycetes
Amylostereum areolatum 1
Armillaria sp. 2/5% 13 6 6 6 6 7
Bjerkandera adusta 1 2
Calocera viscosa 1
Fomitopsis pinicola 1 8 3
H. annosum 19+ 5
H. parviporum 1 4 6 13 15 14
Hypholoma lateritium 1
Lentinus substrictus 1
Peniophora sp. 1
Phanerochaete laevis 1
Phlebiopsis gigantea 1
Phlebiopsis sp. 10*
Resinicium bicolor 2 4 5 13 1
Stereum sanquinolentum 1 1 5 1 1 1
Trametes hirsuta 1
Xylodon asperus 1
Unknown 27 0 7 5 18 12 27 5
Ascomycetes
Ascocoryne sp. 10 12 1/1% 6 1 3
Cosmospora sp. 1
Cytospora sp. 1
Graphilbum sp. 1
Grosmannia piceaperda 1
Hypocrea pachybasioides/ Trichoderma polysporum 1
Leptodontidium trabinellum 1
Neobulgaria premnophila 1 2
Ophiostoma piceae/flexuosum 1
Penicillium glaucoalbidum 1
Phialophora/Cadophora sp. 1 2
Rutstroemia calopus 1
Trichoderma polysporum 1
Umbelopsis sp. 1

" isolated from pine

Table 3
Incidence of Heterobasidion infections and structure of genets.

Stand Tree No. of Het disease ~ No. of Het inf. No. of disease No. of Het inf. trees/ Mean (max) size of genet, Max. distance of
species centers trees/stumps centers per ha stumps per ha number of trees mycelial spread, m

Poytya pine 13 19 4.06 5.9 1.05 (2) 9.5

Multia pine/ 2 3 2 3 1.5(2) 15
spruce

Suonenjoki  spruce 1 4 0.3 1.2 44 6.5

Asikkala I spruce 5 7 0.8 1.4 1.16 (2) 2

Asikkala IT spruce 8 11 2.2 3.0 1.8 (3) 5.7

Tammela spruce 8 12 0.9 1.4 1.1 (2 2.5

Janakkala spruce 0 0 0 0 - -

Lapinjarvi spruce 4 14 5.7 20 1.55 (4) 7.3

" 1 pine and 1 spruce

In spruce-dominated stands, the longest distance between trees
infected by the same fungal genotype was 7.3 m, and the highest number
of trees within the same Heterobasidion genet was four (with a mean of
1.87 trees). Half of the genets in spruce stands consisted of only one tree.

Heterobasidion fruit bodies were not found in any experimental stand.

In spruce stands, strong negative correlations were observed be-
tween the proportion and number of trees infected by H. parviporum and
the proportion of trees infected by other decay fungi in disease centers.
Also, the correlations were negative between the number and size of
Heterobasidion genets and the proportion of trees infected by other decay
fungi. The strongest negative correlation was found between the number
of Heterobasidion genets in disease centers and the proportion of trees
infected by Armillaria or R. bicolor (rs = —.710, p =.000) (Table 4). In
contrast, no significant correlation was observed between the occur-
rences of Ascocoryne sp. and Heterobasidion sp. in disease centers, nor

between incidence of Heterobasidion or Armillaria infection and soil pH,
depth of the peat layer, and stand age.

3.3. Outcomes of dual cultures

In vitro on MEA plates at +20 °C, the growth of H. parviporum
mycelium was inhibited by the basidiomycetes Resinicium bicolor, Ster-
eum sanquinolenteum, Amylostereum areolatum (Fr.) Boid., and Fomitopsis
pinicola. The most competitive ascomycete was Rutstroemia calopus (syn.
R. bolaris), which partially grew over and replaced H. parviporum.
Additionally, the fast-growing Leptodontidium elatius, Ascocoryne cylich-
nium, and Calocera viscosa showed competitiveness against
H. parviporum (Table 5). Cadophora fastigiata, Xylodon asperus, and
Umbelopsis sp., which were overgrown by H. parviporum, as well as a
very slow-growing strain of A. cylichnium and Calocera viscosa, were not
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Table 4
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Spearman’s rho correlation coefficients and significance (2-tailed) between occurrence of Heterobasidion parviporum (Het.) and Armillaria sp. (Arm.), Resinicium bicolor
(Res.), Arm. and Res. combined, all basidiomycetes combined, and Ascocoryne sp. (Asc.) in disease centers.

Het. % No. of Het. No. of Het. Mean size of Arm. Res.%  Arm. and Res.  Basidiomyctes No. of Asc.
isolates genets genets % % % isolates
Het. % of all spruces 1000
No of Het. isolates ,8057" 1000
0000
No of Het. genets ,798" ,9117 1000
0000 0000
Mean size of genets ,783" ,913" 776" 1000
0000 0000 0000
Arm. % of all spruces .,603"  -516" -,608"" -,544" 1000
0001 0005 0001 0003
Res. % of all spruces -0293 -0168 -0264 -0177 0198 1000
0131 0391 0175 0367 0313
Arm. and Res. % of all spruces  -,687""  -,596" 710" -.,614" ,849™ 589" 1000
0000 0001 0000 0001 0000 0001
All basidiomycetes % of all .,647"  -,498" -,582" -,550"" , 736,596,902 1000
spruces 0000 0007 0001 0002 0000 0001 0000
No of Asc. Isolates 0005 0083 -0183 -0041 0182 0058 0064 0051 1000
0979 0674 0352 0836 0354 0771 0747 0795

N=28
Significant correlations are highlighted in bold.

Table 5
Interactions between H. parviporum and the test fungi at inoculation tempera-
tures of +20 and +15 °C.

Interaction at +20 °C/+15 °C

Het 1 Het 2 Het 3 Het 4 Het 5
Basidiomycetes
Amylostereum areolatum 0/0 0/0 0/0 0/0 0/+
Fomitopsis pinicola 0/0 0/0 0/+ 0/- 0/0
Resinicium bicolor 0/- 0/0 0/0 0/0 0/0
Resinicium bicolor 0/- 0/0 0/0 0/0 0/0
Resinicium bicolor 0/n n/0 0/0 0/0 0/0
Resinicium bicolor 0/- n/- 0/- 0/0 0/0
Resinicium bicolor 0/- 0/0 0/0 0/0 0/0
Stereum sanguinolentum 0/0 0/0 0/0 0/0 0/0
Stereum sanguinolentum 0/0 0/0 0/0 0/0 0/0
Ascomycetes
Ascocoryne cylichnium -/+ -/+ -/+ n/+ -/n
Ascocoryne cylichnium 0/n 0/n 0/n 0/n 0/n
Cadophora fastigiata -/n 0/n -/n -/n -/n
Calocera viscosa 0/n 0/n 0/n 0/n 0/n
Leptodontidium elatius 0/+ 0/+ 0/+ 0/+ 0/+
Rutstroemia calopus +/+ +/0 +/0 +/0 +/0
Umbelopsis sp. -/n -/n -/n 0/n -/n
Xylodon asperus -/n -/n -/n -/n -/n

0: neither species is capable of dominance over the other and a thin zone of
uncolonized agar (c. 1-2 mm) is seen between the fungal colonies (deadlock).
+: H. parviporum has ceased growth and it is partially/completely overgrown by
the test fungus.

-: the test fungus is partially or completely overgrown by H. parviporum.

n: not tested.

included in further testing at +15 °C.

After a three-month incubation period at +15 °C, differences be-
tween fungal strains of the same species became more evident. In
interaction with R. bicolor, four R. bicolor strains halted the mycelial
growth of four out of five Heterobasidion strains, while one R. bicolor
strain proved to be a weak competitor and was overgrown by three out
of five Heterobasidion strains. F. pinicola (only one strain tested) proved
to be an effective competitor against four Heterobasidion strains but was
overgrown by one strain. Both S. sanquinolentum, and A. aerolatum (only
one strain of each), inhibited the growth of all Heterobasidion strains.
Additionally, the three tested ascomycetes R. calopus, L. elatius and
A. cylichnium were capable of either stopping or overgrowing all Heter-
obasidion strains (Table 5). In general, hyphal extension rates were
slower at +15 than at +20 °C for all tested species, with the exception of

the fast-growing L. elatius, which was the only tested fungus that
exhibited faster growth than Heterobasidion strains and completely
covered the entire Petri disc at the end of the dual test at +15 °C.

During the first seven days, the growth rate of H. parviporum strains
averaged 3.3 mm per day (range 3.1 — 3.6) and 1.34 mm (1 - 1.5) at
temperatures of +20 and +15 °C, respectively. After two weeks, the
growth rate of H. parviporum strains decreased at +20 °C averaging
2.2 mm per day (range 2.2 — 2.3) and increased at +15 °C averaging
3.5 mm per day (2.6 — 3.8).

4. Discussion
4.1. Prevalence of Heterobasidion sp. in peatland forests

In the present study, Heterobasidion species were the most common
decay causing agents both on Norway spruce and Scots pine. They were
found to be the primary cause of decay in half of the stands investigated
(of both spruce and pine stands). However, when compared to spruce
stands on mineral soil in the same region in southern Finland, Hetero-
basidion sp. did not exhibit the same dominance on peat soil. In this
study, an average 21 % of decayed spruces were infected by Hetero-
basidion sp. In contrast, on mineral soil sites, Hallaksela (1984) found
47 % and Piri et al. (1990) found 56 % of decayed spruces at final cut-
tings to be infected by Heterobasidion sp. In material collected in the
National Forest Inventory consisting of 40-160-year-old spruces the
corresponding percentage was 38 % (Hallaksela, 1984). Similarly, the
incidence of Heterobasidion root rot, averaging 4.1 infected spruce trees
per hectare in this study, was clearly lower than the average of 43
infected trees per hectare observed in mature spruce-dominated stands
on mineral soil in the same region of Finland (Piri et al., 1990). Thus, our
results are consistent with previous findings indicating that the damage
caused by Heterobasidion root rot to spruce forests is less severe on peat
soil than on mineral soil (Stenlid and Redfern, 1998; Mattila and Nuu-
tinen, 2007; Redfern et al., 2010; Arhipova et al., 2011). In contrast,
Kaarna-Vuorinen (2000) reported slightly higher butt-rot frequency on
drained peatland than on moist or dryish mineral soils but lower than on
herb-rich mineral soils among spruce final cutting areas in southeastern
Finland. However, this study only analyzed total decay frequency by soil
types without a separate examination for Heterobasidion root rot.

In Latvia, where peat soils are generally more fertile and alkaline
than in Finland, serious damage caused by Heterobasidion root rot has
been documented in individual spruce stands (Gaitnieks et al., 2016;
Bruna et al., 2019; Gaitnieks et al., 2022). In the present study, the
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experimental sites were relatively homogeneous in terms of site fertility,
with seven out of eight sites primarily representing moderately fertile
site types. The only exception was a site classified as a higher fertile
herb-rich peatland forest type in Janakkala, where no Heterobasidion
infections occurred. Therefore, further research is necessary to explore
the potential relationship between site fertility and the occurrence of
Heterobasidion root rot in northern peatland forests.

In contrast to the Latvian study, which reported abundant Hetero-
basidion fruit bodies in spruce forests on peatland (Gaitnieks et al.,
2021), no fruit bodies were found in our experimental stands. The
probable explanation for their absence is the scarcity of fertile herb-rich
site types with abundant field flora that maintain sufficient moisture for
fruit body development. Moreover, old stumps with an advanced stage
of Heterobasidion root rot, which are most suitable for fruit body
development, did not occur on our study sites due to the short disease
history.

The prevalence of Heterobasidion root rot in Scots pine forests
growing on mineral soil in Finland and other Nordic countries is
currently poorly known. Significant damage has, however, been re-
ported in individual pine stands (Wang et al., 2014; Piri et al., 2021),
and Heterobasidion root rot might be much more common in boreal pine
forests than currently recognized (Youssef et al., 2023). Although
limited data prevent conclusive comparations of disease prevalence
between mineral and peat soils, our study highlights that even when
growing on peat soil, pine forests are not safe from Heterobasidion root
rot.

4.2. Primary infections by Heterobasidion spores

In both spruce and pine stands, infected trees were commonly situ-
ated near ditches, suggesting that ditching operations (including sup-
plement and improvement ditching as well as cleaning of old ditches)
may have created entry points for Heterobasidion sp. through broken
roots. In addition to root injuries, conifer stumps created in summer
cuttings are potential targets for Heterobasidion infection in peat soil
(Piri et al., 2023). Until recently, summer cuttings in peatland forests
have, however, been infrequent due to the poor load-bearing capacity of
unfrozen peat soil, and the role of stumps in the spread of the disease has
likely been minimal. However, logging activities in peatland forests
during periods of Heterobasidion spore production (when the daily mean
temperature is consistently above +5° C) are increasing due to advanced
logging and driving machines that can operate more effectively on soft
soils. In a response to increasing risk of Heterobasidion spore infections,
stump treatment to prevent the spread of Heterobasidion root rot into
peatland forests is mandated in the southern part of Finland for both
spruce and pine stands.

4.3. Mycelial spread of Heterobasidion sp.

In this study, the average size of Heterobasidion genets, determined
by the number of infected trees and reflecting the rate of mycelial spread
of the fungus across root contacts and grafts from infected to healthy
trees, was 1.7 trees in spruce stands, which is only slightly smaller than
in northern spruce forests on mineral soil, averaging 1.8 trees at the end
of the rotation (Stenlid, 1987; Piri et al., 1990). However, the large
genets with ten or more trees which are not uncommon on mineral soil
(Stenlid, 1985; Piri et al., 1990, Piri and Korhonen, 2008; Piri and
Valkonen, 2013), were not observed in the present study.

The mycelial extension of H. annosum in Scots pine forests on mineral
soil has been little studied in the Nordic countries. On mineral soil in
southern Finland, the largest Heterobasidion genet identified in a pine
stand with a long disease history consisted of 17 infected trees, with an
average of 3.2 trees (Piri et al., 2021). In the present study, the genets
(19 genets in two stands) were smaller with on average of 1.1 pines and a
maximum of two trees.

The absence of large genets in both spruce and pine stands on peat
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soil can be attributed to several factors. Firstly, the history of Hetero-
basidion root rot affecting peatland forests is shorter compared to the
upland forests on mineral soil. Most peatland forests in Finland,
including the experimental stands in this study, represent the first post-
drainage tree generation that could have been exposed to Heterobasidion
spore infection. As a result, multi-infections originating from old Het-
erobasidion genets of previous tree generations are exceptional. Sec-
ondly, the unfavorable conditions of peat soil for mycelial extension of
Heterobasidion species may contribute to the smaller size of fungal
genets. Previous studies have indicated that the mycelial spread of
Heterobasidion is more difficult in peat soil than in mineral soil. In
Britain, the mycelial spread of H. annosum from inoculated Sitka spruce
stumps to adjacent trees was less frequent on peat soil, as compared to
mineral soil (Redfern, 1984, 1998). However, it is important to note that
in a pine stand, remarkably long distances of up to 15 m between two
trees infected by the same fungal genotype was observed. This suggests
that the frequency of roots, which transfer the Heterobasidion infection,
rather than the growth rate of the fungus, may be limited in peat soil.
Thirdly, the coexistence of competing fungi in disease centers, e.g.,
Armillaria sp. and R. bicolor, may hinder the transfer of Heterobasidion
mycelium through root contacts.

4.4. Other fungal species identified in disease centers

After Heterobasidion species, Armillaria spp. were the second most
common decay fungi, infecting 18 % of all decayed spruces in disease
centers and being the dominant species in half of the experimental
stands. In comparison to upland mineral sites in southern Finland, where
8 % and 3 % of root rot infections on Norway spruce was caused by
Armillaria sp. (Piri et al., 1990; Hallaksela, 1984), the frequency of
Armillaria sp. was higher in the present study. Since Armillaria spp. can
grow freely through the soil with the aid of rhizomorphs and adapt to
harsh environments, these fungi might have an advantage when
competing for the same niches with other decay fungi, including Het-
erobasidion sp., in acid and occasionally wet peat soil.

Trees suffering from a nutrient imbalance can give an advantage to
Armillaria species, which are considered weak pathogens that rarely
cause disease in unstressed, vigorous trees (Guillaumin et al., 1993;
Kubiak et al., 2017). In boreal peatland forests, the availability of ni-
trogen for trees typically improves after drainage, whilst there can be a
severe lack of other nutrients, such as potassium, boron and zinc
(Kaunisto and Paavilainen, 1988). However, Armillaria root rot did not
occur in the experimental stand in Poytya, where the pines suffered from
severe potassium and slight phosphorus deficiencies, while nitrogen was
abundant. Instead, the incidence of Heterobasidion root rot in Poytya
was the second highest among the experimental stands. Unfortunately,
nutrient data (needle analyses) are not available for other stands. This
single case shows, however, that nutrient imbalance does not necessarily
predispose Scots pines to Armillaria infection.

An interesting finding is that A. cepistipes was the predominant
Armillaria species causing decay in conifers on peatland. In boreal
mineral soil, A. cepistipes is not considered to be a major conifer path-
ogen, although it occurs commonly in coarse woody debris of broad-
leaved trees. In turn, A. borealis is the most common Armillaria species in
southern Finland (Korhonen, 1978b) and is considered to be the main
Armillaria species causing disease in Norway spruce (Piri et al., 1990;
Piri, 1996; Keca and Solheim, 2011) but was only rarely found from the
peatland sites in this study (molecularly identified from only the Lap-
injarvi forest site). One factor that might explain the relative common-
ness of A. cepistipes on peatland soils is its high tendency to produce
rhizomorphs (Redfern and Filip, 1991).

The third most frequently isolated basidiomycete was a saprotrophic,
cord-forming R. bicolor that was isolated from 12 % of the decayed
spruces. R. bicolor is a common stump colonizer and in central Sweden, it
was found in 40 % of 8- to 10-year-old spruce stumps (Kirby et al.,
1990). In addition, Hallaksela (1984) discovered that R. bicolor acted as
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a causal agent of butt rot in 2 % of decayed spruce trees in Finland,
indicating its potential pathogenicity. The fungus was also found to
exhibit slight pathogenicity on Norway spruce and Scots pine seedlings
(Holmer and Stenlid, 1997). Although R. bicolor was not an effective
competitor against Heterobasidion on malt agar medium (25 % of
R. bicolor cultures were overgrown by H. parviporum at +15 °C), previ-
ous studies have demonstrated that R. bicolor is more aggressive on
woody substrates, where it can outcompete other species, including
Heterobasidion sp. (Holmer and Stenlid, 1993, 1996; Woods et al., 2005;
Woods et al., 2006). In our study, R. bicolor was the most frequently
isolated fungus in the Janakkala experimental stand, where no Hetero-
basidion infections were found.

Although our result indicates that A. cepistipes might be a more sig-
nificant pathogen in boreal peatland forests than on mineral sites, it
might also act, together with A. borealis and R. bicolor, as an antagonist
limiting the spread of Heterobasidion root rot in peatland forests. Both
Armillaria sp. and R. bicolor have the ability to penetrate the soil and
infect roots externally. Since they primarily colonize the outer tissues of
roots, it is possible that they could hinder the transfer of Heterobasidion
sp. from an infected root to a healthy root through root contact (Greig,
1962; Morrison and Johnsson, 1978; Shaw and Loopstra, 1988). Indeed,
several early studies reporting mostly field observations provide cir-
cumstantial evidence of Armillaria acting antagonistically towards Het-
erobasidion (Holdenrieder and Greig, 1998; Appendix II in Woodward
et al., 1998 and the references therein). The negative correlation
observed in our study between the co-occurrence of Armillaria sp. and
R. bicolor, and the frequency of Heterobasidion infections and the number
and size of Heterobasidion genets, supports this hypothesis.

On the contrary, A. aerolatum and S. sanquinolentum, which were
competitive basidiomycetes against H. parviporum in the vitro-tests, have
not proven to be strong competitors in a natural growth environment. In
Sitka spruce stumps co-inoculated with H. annosum and
S. sanquinolentum, S. sanquinolentum did not limit growth of H. annosum
but instead increased its colonization (Woods et al., 2006). Although
both S. sanquinolentum and A. aerolatum are known as wound pathogens
(Vasiliauskas, 2001), in the present study, H. parviporum was the most
frequent pathogen in the spruce trees near the ditches that obviously
have been damaged during digging operations. Previously, a negative
correlation has been observed between the presence of S. sanquinolentum
and H. annosum s.1. in spruce trees wounded by bark peeling by moose in
Sweden (Vasiliauskas et al., 1996). Further studies carried out in live
standing spruce trees are necessary to better understand the competitive
dynamics between the wound pathogens and Heterobasidion sp. espe-
cially on drained peatlands, where root injuries due to digging opera-
tions and peat subsidence are common.

Overall, ascomycetes demonstrated greater competitiveness than
basidiomycetes against H. parviporum in the dual culture tests. Species
such as Ascocoryne sp., Leptodontidium elatius, and Rutstroemia calopus
partially or completely overgrew H. parviporum on malt agar medium.
Ascocoryne isolates have earlier been tested for antagonistic properties
against Heterobasidion species on Norway spruce wood and the effect
was found to be strain-specific (Ricard, 1970; Delatour and
Sylvestre-Guinot, 1978; Etheridge and Craig, 1973, bilayer technique).
Ascocoryne spp. do not cause decay and have been isolated from the
heart wood of healthy-looking spruces (Roll-Hansen and Roll-Hansen,
1979; Miiller and Hallaksela, 2000). Interestingly, Ascocoryne sp. has
been found together with Heterobasidion sp. in the same decay column in
spruce trees (Hallaksela, 1984). In a Latvian study, instead, a significant
negative co-occurrence between the genera Heterobasidion and Asco-
coryne was found in Norway spruce stands on mineral soil (Klavina et al.,
2023). In our material, Ascocoryne sp. did not occur together with Het-
erobasidion in the same tree. On the other hand, there was no correlation
between the occurrences of Ascocoryne sp. and Heterobasidion sp. in
disease centers either.

Both L. elatius and R. calopus are dark septate endophytes of which
L. elatius has been detected earlier in Norway spruce stumps in Sweden
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(Kubart et al., 2016) and in both stumps and living spruce trees in Latvia
(Arhipova et al., 2011), while R. calopus is common in various habitats
and occurs on different types of organic compounds. R. calopus has been
recently patented as a biostimulant capable of promoting and increasing
the growth and development of agricultural crop plants under stress
conditions (Huertas et al., 2024). However, these species have to our
knowledge not been tested for antagonism against Heterobasidion sp.,
whereas the related Leptodontidium beauverioides was found to be
non-effective (Falk, 1987). In the present study, these endophytes were
isolated from freshly cut spruce stumps, suggesting that they may also
occupy the same niche as Heterobasidion sp. Fungal endophytes form a
highly diverse group of fungi, and some of them can protect the host
through direct interaction with pathogens or indirect enhancement of
plant defense. In previous studies, endophytes like Cryptosporiopsis eri-
cae, Phialocephala sphaeroides, Rhytismatales sp., Acephala sp., and Par-
aphaeosphaeria neglecta have been found to inhibit the growth of
H. parviporum in vitro (Terhonen et al., 2014; Wen et al., 2022; Durodola
et al., 2023). The first four of the above-mentioned endophytes were
isolated from fine roots of Norway spruce on drained peatland. Although
the endophytes, especially in peat soils, are poorly known, and their role
in the disease dynamic of Heterobasidion spp. is insufficiently under-
stood, some of them may have potential in controlling Heterobasidion
root rot, as noted by Terhonen et al. (2014), and this is also supported by
the results obtained in the present study.

It should be noted that in 26 % of spruce trees and 5 % of pine trees,
the causal agent of root rot or discoloration could not be identified.
Future studies utilizing molecular markers to determine fungal diversity,
followed by principal component analysis would allow a thorough
comparison of the fungal communities at mineral soil sites and peatland
forests.

4.5. CCF management and Heterobasidion root rot on drained peatland

Currently, the transformation of even-aged stands into CCF is un-
derway in Finnish peatland forests. This process spans several decades,
and the experimental stands, where cutting aimed at CCF was con-
ducted, are still in the early stages of this transition. Consequently, our
study does not provide a direct answer regarding the long-term effects of
CCF management on the spread and incidence of Heterobasidion root rot
in peatland forests. Nevertheless, our study indicates that, at present,
Heterobasidion root rot is not as prevalent on peatland as it is in the
same region on mineral soil. The absence of large Heterobasidion genets
on peat soils, along with healthy understory spruces in disease centers,
also support earlier observations suggesting that the transfer of the
Heterobasidion mycelium from one root system to another might be less
common in peat than in mineral soils (Redfern, 1984, 1998). Addi-
tionally, taking into account the advantages of CCF management over
clear-cut based forest management, such as better opportunities to
reduce greenhouse gas emissions and maintain the forest carbon sink
(Nieminen et al., 2018; Lehtonen et al., 2023), CCF can be considered a
feasible forest management alternative in drained peatland forests.

To ensure the health of peatland forests in the future, it is crucial to
protect the stand from primary infections by Heterobasidion spores. This
involves winter logging, stump treatment during summer logging, and
restricting ditch network maintenance operations to the cold season of
the year. In CCF management, the need for ditch cleaning is reduced
because the continuous tree cover helps to maintain the groundwater
table at an acceptable level for wood production (Leppa et al., 2020,
Laudon and Hasselquist, 2023). This may have positive effects on tree
health, as undisturbed soil lowers the risk of Heterobasidion infections
through root damage. On the other hand, the risk of the disease
spreading through logging injuries is high in spruce stands due to peat
subsidence and superficial root system. For this reason, winter logging is
a better option than summer logging especially in stands subjected to
CCF management with frequently recurring harvestings.

Moreover, forest management practices that promote diverse tree
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species composition with deciduous trees help maintain a high fungal
diversity, contributing to the natural prevention of Heterobasidion sp. in
peatland forests (Johansson and Marklund, 1980). Birches, especially
downy birch (Betula pubescens) that thrives on poor boreal peatland sites
and often is the first pioneer species after drainage, are important for
diversity, even though the economic value of downy birch is low
(Hynynen et al., 2010). Birch and pine mixture also hinder the mycelial
spread of H. parviporum in spruce stands (Piri et al., 1990). Maintaining
these light-demanding tree species in CCF, where shading of overstory
trees favor the regeneration of more shade-tolerant Norway spruce, is,
however, challenging (Laudon and Hasselquist, 2023). In addition, it
should be taken into account that species of Armillaria are efficient in
colonizing coarse woody debris of broadleaved trees (including birch),
which are known to serve an infection route to conifers (Simard et al.,
2005). Based on the common occurrence of A. cepistipes in the current
study, there is a need to investigate its clonal spread from hardwood
trees and debris into living conifers, and its potential to act as a conifer
pathogen at boreal peatland sites.

In conclusion, our results suggest that Heterobasidion sp. is not as
frequent and not as dominant agent causing root and butt rot in Norway
spruce stands on peat soil compared to mineral soil in the same region.
Instead, certain basidiomycetes, such as Armillaria spp. (particularly
A. cepistipes) and Resinicium bicolor, were found to be more prevalent on
peat than on mineral soil. Although more detailed information on the
competitiveness of both pathogenic and non-pathogenic fungi in vivo
conditions in peatland forests is needed, our results indicate that the
coexisting fungi might have a positive effect by reducing the dominance
of H. parviporum in Norway spruce stands. Moreover, further research is
necessary to monitor the progression of Heterobasidion root rot in
peatland forests in the long run. Considering the current health condi-
tion of peatland forests, the prerequisites for practicing CCF in the dis-
tribution area of Heterobasidion root rot are generally better on peat
than on mineral soils. To ensure the health of peatland forests it is
imperative that control of Heterobasidion root rot has the highest pri-
ority in all logging operations.
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