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Abstract

Roots infected by the forest pathogen Heterobasidion parviporum that remain in the soil after
tree harvesting may serve as a source of inoculum for root infection of new generations
of trees, thereby perpetuating outbreaks over time. As drained peat soils are evolutionary
novel yet common habitat for commercial Picea abies stands in Northern Europe, the
experiment was conducted to assess the mid-term viability of H. parviporum mycelium in
root deadwood. Persistence of viable mycelia of H. parviporum in relation to root fragment
volume and exposure period was assessed over the seven-year period. Additionally, the
potential of transmission of the pathogen from root fragments to conifer seedlings was
assessed. The likelihood of finding viable H. parviporum inoculum in Norway spruce root
fragments depended on the size of fragments, indicating a higher likelihood in larger
fragments, and on the time since burial, showing a substantial reduction in viable inoculum
after seven years. We also documented the low infection rate from the root fragments to
nearby Picea abies seedlings. The obtained results indicate the necessity for the removal
of larger root fragments during soil preparation in commercial Norway spruce stands on
drained peat soils to reduce infection potential.
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1. Introduction

Root and butt rots caused by the fungal pathogens Heterobasidion spp. threaten
European coniferous forests, particularly those composed of Norway spruce (Picea abies
(L.) Karst.) and Scots pine (Pinus sylvestris L.), making it one of the most economically
significant forest pathogens [1,2]. Among Heterobasidion species reported in Europe [1],
the Norway spruce-associated H. parviporum Niemeld & Korhonen is widespread in both
naturally regenerated and planted forests [3-5]. The majority of infections by H. parviporum
result from the propagation of mycelium through root contacts from an infected stump or
tree to a neighboring healthy one, even across tree generations, thereby perpetuating out-
breaks over time [1,6,7]. One of the most effective methods to reduce the likelihood of root
infection is stump removal, but even after it, root fragments remain in the soil, and those
can be a potential source of inoculum [8,9]. Given such infection biology, the soil type plays
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a significant role in the risk of infection and in disease transmission, with that being higher
in mineral soils than in organic soils [10], possibly due to the faster growth of ectotrophic
mycelium, which allows escaping active host defenses or lower competitiveness with other
wood decay fungi [11,12]. In this regard, the common peat soil properties (high moisture
and acidity in particular) are thought to limit the pathogen’s growth and spread [10,12,13].

In Northern Europe, Norway spruce stands on drained peat soils are prospective for
the timber industry [14]. Nevertheless, there are several indications of high root rot infection
that might be related to both chemical and biological soil properties, differing from deep
peat soils and mineral soils [12,15,16]. As a forest on drained peat soil is an evolutionary
novel habitat, the biotic interactions between fungus and their host might be specific due
to altered equilibria [16-18]. Hence, the body of knowledge on the extended survival of
Heterobasidion spp. inoculate in residual root systems from mineral soils [6,19-25] might
not be directly applicable to forests on drained peat soils. To our knowledge, there is no
information on the survival and infection potential of Heterobasidion parviporum mycelium
in host roots in drained peat soils, thus highlighting a knowledge gap.

In this study, we aimed to assess the viability of H. parviporum mycelium in Norway
spruce root fragments in drained peat soils. Additionally, we aimed to assess the po-
tential of transmission of the pathogen from root fragments to seedlings of P. abies and
Pinus sylvestris. We hypothesize a reduced persistence of Heterobasidion parviporum mycelia
and low infection transmission of the H. parviporum mycelia to the seedlings.

2. Materials and Methods
2.1. Experimental Design

In a Norway spruce stand in Latvia (WGS84 coordinates: 56.672479, 25.891165, forest
type: Myrtillosa turf. mel. (drained forest on peat soil) according to K. Buss [26], age:
46 years), where Heterobasidion spp. disease centers were detected before [15]. A total of 12
P. abies trees infected by Heterobasidion were selected and cut in May 2017. Selected trees
were located in three different disease centers, comprising three, four and five infected
trees, respectively. The root systems were fully excavated from the soil, divided into
fragments and transported to the laboratory. Wood disks (2-3 cm thick) were taken from
the surfaces of all stumps and roots for Heterobasidion spp. isolation, identification and
genotyping. To confirm Heterobasidion spp. infection, wood disks were collected from
both ends of the roots (distal end and branching point), rinsed under running tap water
and incubated in a growth chamber (BINDER GmbH, Tuttlingen, Germany, model KBWF
720) at a temperature of +21 °C and a relative humidity of 80% for one week. Following
incubation, the samples were inspected under a stereomicroscope (Leica M205C, Deerfield,
IL, USA) for the presence of the typical conidiophores of Heterobasidion spp. Pieces of
mycelium and conidiophores were transferred into Petri dishes filled with Hagem agar
medium (5 g glucose, 0.5 g NH4sNO3, 0.5 g MgSO4 7H,0, 5 g malt extract, 20 g agar,
1000 mL distilled H,O at pH 5.5) to obtain pure cultures, subsequently stored at +4 °C.

Identification at the species level of pure cultures was performed with molecular
methods. DNA extraction was performed using CTAB method [5], followed by polymerase
chain reaction (PCR) with species-specific primers for H. annosum (MJ-F and MJ-R) and
H. parviporum (KJ-F and KJ-R) [27], the only two Heterobasidion species reported in Latvia
and Northern Europe, and both known to infect P. abies. Genotyping was accomplished
through somatic incompatibility tests by pairing isolates in all possible combinations, as
previously described [6].

Root fragments harboring Heterobasidion spp. were divided into four volume classes:
“50 cm3” (20-75 cm?), “100 cm3” (76150 cm?), “200 cm3” (151-250 cm3), and “300 cm3”
(251-350 cm3), resulting in 192, 180, 180 and 152 fragments of each class, respectively. Root
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fragments were stored at +4 °C for a week to confirm the infection. When the pathogen was
confirmed, root rot fragments (110, 337 and 252 from the three disease centers mentioned
above) were used in the experiment (five fragments lost their origin mark).

To assess the survival of Heterobasidion spp. mycelium, the experiment was established
in three closely located forest lands growing on drained peat soil in Olaine municipal-
ity, Olaine rural territory of Latvia (Table 1). In May 2017, to assess the potential of
transmission of the pathogen from root fragments to seedlings, one-year-old P. abies and
P. sylvestris seedlings were planted in the experimental plots. Each sample plot contained
23-28 seedlings (planting distance between seedlings was standardized: 1.5 to 2 m), with
a total of 152 Norway spruce and 152 Scots pine seedlings distributed across 12 sample
plots (4 plots per forest stand) (Table 1). In May 2017, infected root fragments were buried
10 cm deep in the soil, positioned parallel to the soil surface, near seedlings (5-10 cm
away) on raised mounds prepared in peat soils, which is a technology that facilitates more
even root development and architecture to all sides [28,29]. The number of fragments
per seedling varied depending on fragment size: fragments of volume classes 100 cm?,
200 cm?, and 300 cm® were placed in pairs opposite to each other, and root fragments
of 50 cm3—in the four directions around the seedling. All root fragments and seedlings
were individually marked, and coordinates for each sample plot were recorded to facilitate
systematic assessment.

Table 1. Experimental plantings.

Coordinates Coordinates Forest Type Area Soil pH Number of Root Number of N;r:rl::: of
No. WGS84, WGS84, According to Buss ha ! Ca Cpl ! Fragments Scots Pines S ruce}s’
Latitude Longitude 1997 [26] 2 Buried Planted P
Planted
56.78031 23.82672 Oxalidosa turf. mel. 17 34 244 53 53
2 56.78015 23.83246 Oxalidosa turf. mel. 1.3 3.7 224 48 48
3 56.77718 23.85279 Myrtillosa turf. mel. 1.8 3.0 236 51 51

2.2. Heterobasidion spp. Mycelium Survival and Seedling Infection Analyses

Each sample plot was surveyed annually in late June or early July to assess the
persistence of viable inoculum of Heterobasidion spp. in the buried root fragments and
the health status of planted seedlings over seven consecutive years (2018-2024). In total,
674 root fragments during seven consecutive years were excavated.

Each year, after retrieval from the sample plots, within 24 h, root fragments were
washed under running tap water, dried overnight at room temperature, and wood sam-
ples were cut out from root central sections to minimize potential contamination from
soil-borne fungi. All obtained wood samples were flame-sterilized and placed on either
Hagem agar medium in Petri dishes for fungal isolation. The Petri dishes were monitored
every 2-3 days for mycelial growth. Any observed Heterobasidion spp. mycelium was
subcultured and paired with reference cultures obtained during the experiment’s initial
setup using somatic incompatibility tests as described above [30], thus verifying whether
the pathogen had survived in the fragments and retained the ability to infect neighboring
conifer seedlings. From the excavated seedlings, three 1-2 cm thick wood disks were col-
lected from the root collar upwards, debarked, washed under tap water and incubated in a
growth chamber (BINDER GmbH, Germany, model KBWF 720, regime of +21 °C tempera-
ture and 80% humidity) for one week. Following incubation, the samples were inspected
under a stereomicroscope (Leica M205C) for the presence of the typical conidiophores of
Heterobasidion spp. Isolations were performed as described above. Somatic incompatibility
tests were performed by pairing isolates obtained from seedlings with those retrieved from
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the associated root fragments to confirm that isolates belonged to the same genotype and
therefore that seedling infection originated from infected root fragments buried in the soil.

2.3. Statistical Analysis

To analyze the factors influencing the presence of Heterobasidion spp. mycelium, gener-
alized linear mixed-effects models (GLMM) analyzed with the Ime4 R package (function
glmer with a binomial distribution) [31] were implemented. Models used in this study
incorporated both fixed effects (root fragment volume and burial duration) and random
effects (specific tree stumps, plots, subplots, and individual trees). While the random
effects were not directly studied, their inclusion was essential for ensuring the accuracy
and precision of the model. The general model form was:

log(E(T)) = B1 x T + By x G + u(Plot, Subplot, Tree) + u(Group, Stump)

where log(E(T)) represents the logarithm of the predicted probability of Heterobasidion spp.
presence, 81 and B; are regression coefficients associated with fixed effects: root fragment
volume (T: 50, 100, 200, 300 cm?®) and time (G: 1-7 years) since burial in the soil. The
terms u(Plot, Subplot, Tree) and u(Group, Stump) represent random effects accounting for
variability across plots, subplots, individual trees, stump sampling groups and stumps. The
significance of fixed effects was evaluated using the Type II analysis-of-variance table of the
Wald Chi-square test (function Anova from the car package). The normality was checked
based on graphical visualization of the model residuals. Data analysis was performed
inRv.4.4.3[32].

3. Results

All Heterobasidion spp. isolates obtained from the surface of stumps and roots of the
12 P. abies trees used in this study were identified as belonging to H. parviporum. Somatic
incompatibility tests indicated that each of the disease centers was occupied by a different
H. parviporum genotype.

3.1. Survival and Viability of Heterobasidion spp. Mycelium in Root Fragments

A total of 704 H. parviporum-infected Norway spruce root fragments were buried in the
soil. After seven years, at the end of this study, 674 of these root fragments were retrieved,
representing 95.7% of the initial number of fragments. The remaining 30 fragments (16 from
the 50 cm? size class, eight from the 100 cm? class, five from the 200 cm? class, and one
from the 300 cm? class) were not found.

The rate of survival of viable H. parviporum inoculum in roots of P. abies increased
with fragment size: 6.62% for the 50 cm? class, 9.59% for the 100 cm? class, 12.26% for
the 200 cm? class, and 27.64% for the 300 cm? class. Statistical modeling using GLMM
confirmed that fragment volume is a significantly related factor to the mycelial survival
(p < 0.001, x> = 21.406) (Table 2, Figure 1). Larger fragments demonstrated higher viability
and a wider range of potential survival values (95% confidence interval).

Additionally, the exposure period of root fragments in the peat soil had a significant
negative impact on the survival of mycelia. With a longer exposure period, the proportion
of infected root fragments decreased. Generalized linear mixed-effects models results
indicated that the burial duration was also a critical factor influencing survival rates
(p <0.01, x> = 10.087) (Figure 1). The predicted probabilities showed that longer burial
periods reduced the likelihood of mycelial survival and narrowed the range of potential
survival values (95% confidence interval).
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Table 2. The summary statistics of the generalized linear mixed-effects model (GLMM). The estimated
Chi-square values and p-values (ANOVA-like table) for the root volume and exposure period of root
fragments on Heterobasidion parviporum mycelial survival, the variance of the random effects and the
marginal R? values for the refined model are shown.

Variable Chi-Square Value p-Value
Year 10.1 0.002
Root fragment volume 21.4 <0.001
Random effects variance
Plot x Subplot x Seedling 0.193 -
Genotype x stump 0.342 -
Plot x Subplot <0.001 -
Genotype <0.001 -
Planting site 0.349 -
Model performance, marginal R? 0.137
Model performance, conditional R? 0.320
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Figure 1. Probability of the survival of Heterobasidion parviporum mycelium in peat soils in Norway
spruce root fragments of different size classes (50 to 300 cm?) (confidence interval (95%) shown by
error bars; different letters indicate significant differences between groups at o = 0.05) (A) and over
a period of seven years (confidence interval (95%) shown by dotted lines) (B).

3.2. Seedlings Infection

Over the seven-year study period, 122 dead seedlings (70 Norway spruces and 48 Scots
pines, mainly collected in the first and second year after the establishment of the experiment)
were examined for the presence of H. parviporum. Among these, only one Norway spruce
was found to be infected by the pathogen. This seedling was located near two 100 cm?
root fragments and it was collected in 2022, five years after establishing the experiment.
Although no viable mycelium was detected in corresponding root fragments at the time
of retrieval, somatic incompatibility tests confirmed that the infection originated from the
buried fragments.
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3.3. Influence of Environmental Factors on Mycelial Survival

The intraclass correlation coefficient (ICC) indicated that 21% of the total variability
in myecelial survival could be attributed to the random effects included in the model
(experimental plot, subplots, individual trees, stump groups and stump ID). Among the
random effects (02 = 3.29), the largest impact on mycelial survival was observed for the
experimental plot (700 = 0.35), the combined random effect of stump groups and stump ID
(700 = 0.34), and the combined random effect of individual trees, subplots, and experimental
plot (00 = 0.19).

When considering only the fixed effects (root fragment volume and burial duration),
the GLMM model explained 13.7% of the total variance (R?>_m). However, when both fixed
and random effects were included, the total variance (R?_c) increased to 32.0%.

4. Discussion

Considering drained peat soils as evolutionary novel habitats for Norway spruce [14,16-18],
the dependence of survival of Heterobasidion parviporum mycelia on the size of the root
fragments was generally consistent with those of previous experiments conducted in
mineral soils [9,25]. Accordingly, persistence of viable H. parviporum inoculum increased in
larger Norway spruce root fragments compared to smaller ones (p < 0.05) (Figure 1). Larger
root fragments (up to 350 cm?) left in the soil after harvesting can conserve viable pathogen
inoculum over an extended period. The likelihood that this may happen with smaller root
fragments (50 cm?) is much lower and could be considered negligible (Figure 1) due to
increased competition with other fungi and/or decomposition [12,33].

In terms of the level of reduction in viable inoculum over time, our results slightly
differed from previous studies conducted on mineral soils [25]. Although a reduction in
viable inoculum after six years from burial was observed in both studies, the time did not
have a significant effect on the probability of occurrence of H. parviporum in root fragments
in mineral soils [25], while we identified as a significant factor in drained peat soils. As a
comparison, while the incidence of root fragments carrying viable H. parviporum inoculum
over time went from 39.6% after one year to 17.8% after six years in mineral soil [25], it
went from 30.1% after one year to 9.7% after seven years in drained peat soil in this study.
The previously studied range from mineral soils [25] are well within the predicted range in
our study (Figure 1), indicating similar patterns on both studies. However, caution should
be taken with this conclusion because part of the results is explained by Heterobasidion
genotype or site-specific factors, as outlined by the random effect analysis in this study
(Table 2). One H. parviporum genotype in buried wood fragments showed a better survival
rate than others (Supplementary Material), possibly indicating that the persistence of
the inoculum in wood depends on the pathogen genotype, similarly to other traits such
as pathogenicity [34].

A lower risk of disease transmission on peat soils compared to mineral soils would be
expected based on a large body of literature [10]. A low infection risk was also confirmed
on drained peat soils with only a single Norway spruce seedling (1%). Slightly higher
infection rate (8% of Norway spruce seedlings within six years) on mineral soils [25]. The
differences could be related to soil acidity as higher soil pH is favorable for infection [35]:
soil pH in our study ranged from 3.0 to 3.7, but in Piri and Hamberg study, from 4.0 to
4.7 [25]. Lastly, the differences in seedling infection rate could also be related to seedling
age, as the likelihood of contact with infected root fragments increases with age because of
the greater size of the root systems: Piri and Hamberg [25] used two-year-old seedlings,
while one-year-old seedlings were used in this study.

While the other causes of seedling mortality were not directly analyzed, field obser-
vations suggest that the high mortality in the first year after planting could be related to
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environmental stress factors, especially drought, which agrees with other studies [28,36,37].
It should be noted that drought could have had an impact not only on seedling vitality but
also on H. parviporum mycelium persistence.

The observed explicit relationship between root size and the survival of inoculate in
drained peat soils indicates the need for fine-tuning of guidelines for managing Norway
spruce on drained peat soils to minimize the risks associated with H. parviporum. In
heavily infested sites, where stump removal could be suggested [8,9], removal of the roots
(volume—from 250 cm?, 7.0 + 2 cm in diameter) appears advantageous, thus omitting
direct contact between sapling roots with larger size remnants of infected roots.

5. Conclusions

The persistence of viable Heterobasidion parviporum mycelium in root fragments of
Norway spruce in the drained peat soils is similar to that in mineral soils; therefore, similar
management measures appear applicable. Based on the relationship between root size and
survival of inoculate, removal of root fragments greater than 250 cm? in volume (more than
5 cm in diameter) during the soil preparation for new generation seedlings is advantageous
for the health of the regenerating stand.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/f17010001 /s1.
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